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Cadmium (Cd) is a highly toxic and non-essential metal and its pollution into the 
environment has drawn a great deal of attention. As a result, considerable amount of 
research has been carried out on its toxicology. In this thesis, the investigations can be 
I mainly divided into two parts - the effects of Cd on the endocrine systems of silver 
s sea bream {Sparus sarha) and the defense system of silver sea bream in response to 
! 
the challenge of Cd administration. 
i . . . . . . 
The experiments were carried in both in vivo and in vitro conditions. In the in vivo 
part, the fish were exposed to Cd by two different routes of administration, by either 
waterbome Cd or intraperitoneal injection of Cd. In these experiments, data including 
the serum levels of Cortisol and thyroid hormones (THs), pituitary growth hormone 
(GH) level, tissue insulin-like growth factor-I (IGF-I), metallothionein (MT) and 
glucose-6-phosphate dehydrogenase (G6PDH) mRNA expression were collected and 
analyzed. In the in vitro experiment, a silver sea bream hepatocyte culture was used 
for testing the effects of Cd treatment on the mRNA expressions of IGF-I, MT and 
G6PDH. 
For the first part of the investigation, it was found that the Cd exposure affected the 
levels of some hormones significantly. In the vivo experiments, the serum level of 
Cortisol increased with the reduction of pituitary GH level when the fish were exposed 
i to Cd. It was observed that IGF-I mRNA expression was up-regulated in the Cd-
i exposed hepatocytes in vitro. The levels of THs (thyroxine, T4 and 





For the second part, it is concluded that the fish has elicited a defense system in order 
to deal with the Cd stress. The mt gene of silver sea bream was firstly cloned and 
characterized for the quantitative study on the change in its mRNA level in response 
to the Cd challenge. The mt gene of silver sea bream showed high similarity with that 
of another member of the family Sparidae, i.e. gilthead sea bream {Spams aurata). 
The mRNA expression of MT was increased significantly following Cd exposure, 
suggesting that the high inducibility of MT served as an important response for 
detoxification of Cd. G6PDH mRNA expression was also up-regulated in the Cd 
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General introduction 
With increasing human population and activities, the environment has been under 
enormous challenge and stress from a variety of pollutants in which heavy metals are 
one of the examples. Among many kinds of heavy metals, cadmium is one of the most 
prominent metals that exert considerable stress on biota. Cadmium is a non-essential 
metal and is highly toxic to organisms including animals and plants (Choi et al., 2007). 
The main anthropogenic sources of Cd in the environment include activities from the 
battery, electro-plating, mining and ores refining industries (Nordberg and Nordberg, 
2002). 
Contamination of cadmium occurs in both soil and water body. The occurrence of 
cadmium pollution in the marine environment is harmful to marine life, e.g. fish and 
mollusks. In my present study, silver sea bream {Sparus sarba) will be the animal 
model for testing Cd toxicity. It is interesting to study Cd toxicology in fish because 
fish is the major and vital component in the aquatic life. Also, fish is an important 
foodstuff for humans and it is found that foodstuff is the main Cd source for 
non-smokers (Satarug and Moore, 2004). Silver sea bream is a member of the family 
Sparidae and it is considered as a euryhaline fish. It is cultured in Hong Kong 
commonly with high economic importance. 
The toxicology of Cd to humans has been extensively investigated. The toxicity of Cd 
has been recognized for a long time and one example is the discovery of a disease 
called "itai-itai disease，，in 1947. It is believed that this disease was caused by the 
chronic oral intake of cadmium at a low dose (Takebayashi et al., 2003). And recently, 
Cd has been classified as a human carcinogen (group 1) by the International agency 
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for Research on Cancer (lARC) in 1993 (Satoh et al., 2002). Cd toxicity has also been 
investigated widely in many other animals. In fish, it is found that Cd is toxic, 
accumulated in many organs (e.g. liver and kidney) and causes organ damage 
(Nogarni et al., 2000). Cd affects many different physiological processes of fish, for 
example, growth, development and reproduction. One possible mechanism that Cd 
altered fish physiology may be due to its endocrine disrupting property. Cd is found to 
an endocrine disrupter in a diversity of animals including fish (Gagnon et al., 2007; 
Ketata et al., 2007; Poliandri et al., 2006; Lei et al., 2007; Piasek et al., 2002). 
However, most research was related with the endocrine disruption of Cd and was 
carried out on rat models. Since there is a scarcity of knowledge on the endocrine 
disruption effects of Cd in other animals and in my present study, I will focus on this 
investigation on fish. In fish, it is found that Cd damages interrenal function and so 
alters Cortisol secretion (Lizardo-Daudt et al., 2007). Similar studies on other 
hormonal systems are relatively scarce and so further researches would be required. 
The first part of my investigation will be focused on the change of hormonal status 
after cadmium exposure in vivo and in vitro. Changes in Cortisol, thyroid hormones 
(T3 and T4), growth hormone and IGF-1 will be investigated in response to the Cd 
treatment. 
The second part of my investigation is about the defense system of fish after cadmium 
challenge. It is well known that cadmium exerts negative effects in fish at different 
levels, e.g. organ, tissue and cell levels. And so it is not surprising that fish develops 
defense mechanisms to counteract the adverse effects as other organisms do. One 
important mechanism that is commonly studied is the induction of metallothioneins 
(MTs). MTs refer to a superfamily of low molecular weight, cysteine-rich, 
metal-binding proteins or polypeptides that occur ubiquitously (Romero-Isart and 
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Vasak, 2002). MTs were found to be highly inducible by different kinds of metals, e.g. 
cadmium, mercury, zinc or copper (Dumam and Palmiter, 1981) and it is found that 
MT-null mice were more susceptible to metals with higher lethality (Park et al., 2001). 
These findings suggest the possible role of MT in metal detoxification. In my study, 
the effects of Cd on the mRNA expression of MT in gill and liver will be investigated. 
One of the hepatic enzymes, glucose-6-phosphate dehydrogenase (G6PDH), will be 
investigated. G6PDH is the first and rate-limiting enzyme in the pentose phosphate 
pathway (PPP) with the generation of NADPH. Recently, G6PDH has been proposed 
to be important in antioxidant function because of its production of NADPH 
(Salvemini et al., 1999; Ursini et al., 1997; Zirong and Shijim, 2007). Since it is 
known that Cd exerts oxidative stress to cells, therefore, I am interested to investigate 
whether G6PDH expression will change in response to Cd exposure. 
To summarize, the objectives of this present study are (1) to investigate changes in 
hormonal status of silver sea bream upon exposure to Cd; (2) to investigate the 
changes in mRNA level of MT and G6PDH in response to Cd exposure. 
3 
Chapter 1 ： Literature review 
4 
1.1. Cadmium 
The discovery of cadmium can be dated back to 1817 by Friedrich Strohmeyer (a 
German chemist). Its physical appearance is similar to zinc and so its name was 
derived from the Latin word "cadmia" which has the meaning of zinc carbonate 
(calamine). Cadmium is soft, silver-white in color and has no defined odor or taste. Its 
atomic number is 48 and its atomic mass is 112.411. It belongs to the subgroup B of 
the II group metals in the periodic table. Its average distribution in the earth's crust is 
0.1 mg/kg (Nordberg and Nordberg, 2002). 
Cadmium can be found naturally in the geosystem or emitted from anthropogenic 
activities. Naturally, it is mainly concentrated in sulfide ores and it forms complexes 
with sulfur groups. There are many anthropogenic sources of cadmium, e.g. 
electro-plating, mining, smelting, refining of ores, fossil fuel combustion, and 
pigment and plastic industries etc. Among many industrial uses of cadmium, its main 
application is being negative plates of nickel-cadmium rechargeable battery (i.e. 
cadmium oxide). Emission of cadmium pollutants can also result from the 
incineration of household wastes (Nordberg and Nordberg, 2002). 
1.1.1. Cadmium - Ways of uptake in human and aquatic life 
In human, people working at cadmium-related industry would be exposed to higher 
dose of cadmium than the general public (Nordberg and Nordberg, 2002). For 
smokers, their main way of cadmium uptake is through cigarette smoke as the tobacco 
plant has a tendency to concentrate cadmium from the soil to its body (Satarug and 
Moore, 2004). For non-smokers, foodstuff is the main sources of cadmium uptake. 
In aquatic life, it is believed that the dissolved cadmium in the ionic form in seawater 
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is the major bioavailable source. And it is found that the toxicity of Cd correlates best 
with the level of ionic form of Cd in the aquatic environment (Rosesijadi and 
Robinson, 1994). Cd ions can be transferred from the environment into circulatory 
system by crossing the epithelial barrier of gills. Also, when these animals drink 
seawater, Cd ions will transfer via their digestive system into their body. Moreover, 
Cd ions may simply pass via their integument when they are submerged in seawater 
(Rosesijadi and Robinson, 1994). Also, the aquatic animals may uptake cadmium via 
ingestion of Cd-contaminated sediments in sea. 
1.1.2. Cadmium - Toxic effects in fish 
Fish acts as one of the main food source of human and therefore has high economical 
value. Therefore considerable research has been carried out on the effects of cadmium 
exposure on fish. Cadmium is mainly accumulated in gills, kidneys, liver and 
gastrointestinal tract of fish (Nogami et al., 2000) and its accumulation leads to 
harmful effects and damages to those organs. On gill surfaces, there are lots of 
negative charges so it has high affinity to cations, like cadmium ions (Nogami et al., 
2000). So at the early stage of waterbome cadmium exposure, gills have higher 
cadmium accumulation among organs. At later stage, kidney and liver would 
accumulate cadmium more than that in gills. There were thickening lamellae (a result 
of edema) and lifting of the respiratory epithelial cells of gill when fish were fed with 
cadmium-contaminated food for four weeks (Rangsayatom et al., 2004). Generally, 
kidneys are the most sensitive organs to the cadmium toxicity. The adverse effects 
may be consistent proteinuria (which indicates the renal toxicity) after excessive 
cadmium exposure (Nogami et al” 2000). Kidney damage can be observed in fish 
having dietary cadmium intake (Rangsayatom et al” 2004). Liver has the greatest 
protein expression of a low molecular mass, cysteine-rich, inducible intra-cellular 
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protein that binds metal ions with high affinity — metallothioneins, to protect it against 
cadmium toxicity (Hermesz et al., 2001). Liver damage is signed by focal necrosis, 
appearance of vacuole and infiltration of macrophages (Rangsayatom et al., 2004). 
Besides histological damages, there are many other harmful effects of cadmium 
toxicity. One of the main focuses is the effect on the growth of fish with the exposure 
of cadmium. Chronic exposure of sub-lethal dose of waterbome cadmium can reduce 
fish growth, this has been observed in juvenile and adult rainbow trout 
{Oncorhynchus my kiss), juvenile bull trout {Salvelinus confluentus) and guppy 
{Poecilia reticulate) (Baldisserotto et al., 2005). 
The causes of depressed growth can be due to either physiological or behavioral stress. 
(Hansen et al., 2002). Physiologically, food assimilation may be decreased and so 
body growth is decreased (Hansen et al., 2002). And there is energy waste in the 
initiation of defense mechanisms against chronic, sub-lethal cadmium exposure, e.g. 
detoxification. One important detoxification mechanism is the induction of 
metallothioneins which can be induced strongly by cadmium among many heavy 
metals (Tom et al” 1998). 
The behavioral causes for the depressed growth may be due to reduction of food 
consumption (Hansen et al, 2002), reduced feeding abilities and appetite (Weber and 
Spieler, 1994). Reduced appetite may result from the changes in olfactory receptors or 
neuronal control at higher "satiety" centers in the brain (Weber and Spieler, 1994). 
Fishes with depressed appetite would consume less food and so growth will be 
reduced. 
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In chronic, sub-lethal exposure of waterbome cadmium, chronic mortality is also 
observed, e.g. juvenile bull trout {Salvelinus confluentus) and may be accounted by 
the change of hepatic enzymes activity (Baldisserotto et al., 2005). It is observed that 
proteases and transamination in liver were increased in response to cadmium exposure. 
The result of these responses was increased protein breakdown to increase the amount 
of free amino acids in participation of energy metabolism. Ultimately, the fish can 
cope with higher energy demand in cadmium stressed environment (Smet and Blust, 
2001). Other possible causes are the decreased in liver size and glycogen content 
(Baldisserotto et al., 2005). The depletion of glycogen may generate more glucose to 
act as energetic substrate in repair processes of Cd-induced damages (Ricard et al., 
1998). These responses in long term would decrease the energy reserve of the fish and 
reduce its survival fitness. The changes in plasma composition may also be the cause 
for chronic mortality (Baldisserotto et al” 2005). Hypocalcemia, hypokalemia, and 
hyperglycemia have been observed in fish exposed to cadmium (Ricard et al., 1998). 
When the fish is exposed to high, lethal dose of cadmium, acute mortality would 
result. The acute mortality is mainly due to ionoregulatory dysfunction in response to 
high dose of cadmium (Hansen et al,, 2002). The mechanism of ionregulatory 
‘ 2 + 2 + dysfunction occurs via Ca antagonism by inhibition of Ca uptake (Pane et al., 
2003). With the presence of cadmium ions, there is a competition between cadmium 
and calcium ions for the Ca^^ uptake sites on the mitochondria-rich "chloride" cells in 
gills, and then the uptake of calcium ions would be inhibited. The basolateral 
Ca^^-ATPase of the chloride cells is also inhibited by cadmium ions and so the Ca^^ 
homeostasis is disrupted (Matsuo et al., 2005). 
Cadmium is a toxicant in immune system and causes immune dysfunctions 
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(Hutchinson and Manning, 1995). Cadmium exposure significantly reduced the 
respiratory burst of kidney phagocytes in fish and so suppressed the immune response. 
Respiratory burst is the final step of phagocytosis and it is the destruction of 
pathogens by reactive oxygen species within phagocytes (Hutchinson and Manning, 
1995). Also, it is observed that the number of mucus cells in gills and skin decreases 
during cadmium exposure. (Sovenyi and Szakolczai, 1993). Mucus cells are important 
in secretion of bactericidal enzymes-containing mucus (Hutchinson and Manning, 
1995). 
Cadmium affects the vasculature and vascular system which are important for 
distribution of oxygen and nutrients from heart to every organ of body through the 
blood (Chan and Cheng, 2003). In cadmium-treated embryos, aberrant vasculature 
complexity was observed (Cheng et al., 2001). Also, the vascular complexity of the 
cadmium-treated embryos was lower (Chan and Cheng, 2003). 
Cadmium can severely compromise the reproduction of fish (Ricard et al” 1998) and 
lead to many reproductive disorders (Vetillard and Bailhache, 2005). Vitellogenesis 
which is important in oocyte growth via incorporation of vitellogenin, is altered by 
cadmium exposure because of the inhibition of estradiol-stimulated transcription and 
translation of vitellogenin (Vetillard and Bailhache, 2005). Cadmium can inhibit the 
estradiol receptor activity which is vital in mediation of estradiol action and so 
depressed vitellogenesis. Also, cadmium alters hormonal balance in trout testes 
(Guevel et al., 2000) and it can inhibit gonadotropin-stimulated steroidogenesis and 
control of ovarian maturation in female common carp (Vetillard and Bailhache, 
2005). 
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Hatching and the development of embryos are also affected by the cadmium exposure. 
Eggs from female fish exposed to cadmium did not develop into fry in some studies 
(Vetillard and Bailhache, 2005). Premature hatching and mortality were observed in 
trout fertilized eggs exposed to cadmium (Vetillard and Bailhache, 2005). 
Developmental abnormalities usually result from cadmium exposure, e.g. head edema, 
helical bodies, weak pigmentation, tail degeneration and curvature of the central 
nervous system (Hallare et al., 2005). 
Fish shows behavioral changes in response to cadmium exposure. Some researches 
have found that the social (Sloman et al., 2003) and predator-avoidance behaviors 
(Scott et al., 2003) are altered in rainbow trout. This may be due to the accumulation 
of Cd in the olfactory system which may lead to lower olfactory sensitivity. So, the 
Cd-exposed trouts had lower competitive ability than control group (Sloman et al., 
2003). For the predator-avoidance behavior, it is observed that the predation risk was 
increased in Cd-exposed trout as the trout became less sensitive to alarm substance 
(Scott et al” 2003). Other kinds of abnormal behaviors including swimming in 
imbalanced manner, attaching to the water surface and gathering around the 




1.2.1. Cortisol - General information and its regulations 
Cortisol is a corticosteroid hormone (a class of steroid hormones produced in adrenal 
cortex of the adrenal gland). Discrete adrenal gland is present in mammals but not in 
fish. Instead, the production of Cortisol in fish is located in the interrenal tissue which 
is homologous to the adrenal cortex of mammals. Interrenal tissue is diffuse and 
situated in the head kidney region (Norris, 1997a). Cortisol is the major corticosteroid 
in the majority of teleost fish species. Besides Cortisol, other corticosteroids are also 
produced in the interrenal tissue in smaller amounts, e.g. corticosterone and 
11 -deoxycorticosterone (Jobling, 1994b). 
The underlying mechanism for the synthesis of Cortisol is similar between fish and 
mammals. Cholesterol is firstly converted into pregnenolone. Cortisol is then 
synthesized from pregnenolone, through microsomal enzymatic pathways 
(hydroxylation and dehydrogenation) which are catalyzed by several types of 
cytochrome P450 and 3P-hydroxysteroid dehydrogenase (Mommsen et al., 1999). 
The secretion of Cortisol in fish is regulated by hypothalamus-pituitary-interrenal axis 
(HPI axis) while in mammal, it is hypothalamus-pituitary-adrenal axis (HPA axis). In 
fish, the synthesis and release of Cortisol from the interrenal tissue is stimulated by 
adrenocorticotrophic hormone (ACTH) produced from the anterior pituitary gland and 
the secretion of ACTH is in turn regulated by a neuropeptide, corticotrophin-releasing 
hormone (CRH) produced from hypothalamus (Bemier, 2006; Wendelaar Bonga, 
1997). In return, the high level of circulating Cortisol exerts a negative feedback on 
the synthesis and release of pituitary ACTH, and may also act on the secretion of 
hypothalamic CRH (Jobling, 1994b). 
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1.2.2. Cortisol - Functions 
The actions of corticosteroid hormones (Cortisol) are mediated by intracellular 
receptors, corticosteroid receptors (CRs) acting as ligand-binding transcription factors. 
In mammals, there are two types of CRs, i.e. glucocorticoid receptor (GR) and 
mineralocorticoid receptor (MR). And the fish CRs is first characterized in rainbow 
trout, it is reported as GR (Ducouret et al,, 1995). And during early study of fish CRs, 
it is thought that fish only possesses one type of CRs, that is GR. But recent studies 
have revealed that fish possesses both types of CRs, GR and MR (Prunet et al., 2006). 
Cortisol has been considered to involve in many physiological aspects. In fish, 
Cortisol acts both in glucocorticoid and mineralocorticoid functions which are two 
important actions of Cortisol (Laiz-Carriom et al,, 2003). 
Acting as glucocorticoid, Cortisol regulates intermediary metabolisms including 
protein, carbohydrates and lipid metabolisms (Wendelaar Bonga, 1997). It is 
generally observed that Cortisol increases plasma glucose concentration 
(hyperglycaemia) by activating gluconeogenesis (synthesis of glucose from 
non-carbohydrate sources) (Laiz-Carriom et al., 2003). Cortisol was found to promote 
amino acid mobilization and catabolism. Some suggested that Cortisol stimulates the 
liberation of free amino acids from the periphery and so may provide the substrates 
for gluconeogenesis (Mommsen et al., 1999). For lipid metabolism, Cortisol 
stimulates lipolysis and so increases the plasma level of free fatty acids which may 
also act as substrates for gluconeogenesis (Wendelaar Bonga, 1997; Mommsen et al., 
1999). 
Cortisol is important in osmoregulation by acting as mineralocorticoid in fish. 
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Cortisol has long been considered as seawater-adapting hormone which reflects its 
importance in salinity tolerance (Wendelaar Bonga，1997). Cortisol promotes the 
branchial extrusion of monovalent ions, Na+ and CI" ions in seawater adaptation by 
various mechanisms, e.g. proliferation and differentiation of gill chloride cells 
(Laiz-Carriom et al., 2003; McCormick, 1990) and the stimulation of the activity of 
Na+,K+-ATPase (Wendelaar Bonga, 1997). Cortisol works synergistic ally with other 
hormones, like GH and IGF-1 in allowing for seawater adaptation (McCormick, 
2001). Moreover, Cortisol is also important in freshwater adaptation in which it 
promotes the uptake of monovalent ions (Wendelaar Bonga, 1997; McCormick, 
2001). 
Cortisol is regarded as a stress hormone because it is induced in response to the 
presence of stressors, e.g. exposure to pollutants, handling and confinement etc 
(Norris et al., 1999). The elevated level of circulating Cortisol in plasma may fuel 
more energy for the need in coping with stress (Mommsen et al., 1999; Flik et al., 
2006). Cortisol has been used as the indicator of stress because of its inducibility to 
both acute and chronic stresses. It is found that chronic stress and prolonged high 
level of circulating Cortisol would have adverse effects on fish growth, reproduction 
and immune system (Flik et al., 2006; Jobling, 1994b, Wendelaar Bonga, 1997). 
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1.3. Thyroid hormones 
1.3.1. THs - General information and its regulations 
Thyroid hormones (THs) are liposoluble hormones which includes two bioactive 
forms, i.e. thyroxine or 3,5,3',5'-tetraiodothyronine (T4) and 3,5,3'-triiodothyronine 
(T3) (Yamano, 2005). The structures of T4 and T3 are conserved in all vertebrates. THs 
are produced in the thyroid gland consisting of thyroid follicles dispersed mainly in 
the pharyngeal region (Norris, 1997b). The thyroid tissue of teleost fish is mostly 
diffuse rather than compact or encapsulated as in mammals (Blanton and Specker, 
2007). 
The thyroid follicles produce a kind of glycoprotein, thyroglobulin. Inorganic iodide 
is trapped by thyroid follicle and then incorporated into tyrosine residues within 
thyroglobulin. Through the reactions of thyroid peroxidase enzyme, thyroxine (T4) is 
finally synthesized (Blanton and Specker, 2007; Power et al., 2000). 
For 3,5,3'-triiodothyronine (T3), most of it is produced extrathyroidally by the 
conversion of thyroxine (T4). T4 is converted into T3 in liver and other peripheral 
tissues by outer-ring deiodination (ORD), that is the enzymatic removal of one 5' 
iodine atom in the outer ring of T4 (Finnson et al., 1999; Blanton and Specker, 2007). 
Moreover, T4 can also undergo inner-ring deiodination (IRD) to become the 
inactivated form, reverse T3 (3,3',5'-triiodothyronine or rTs). If T3 undergoes IRD, it 
will be degraded into inactive T2 (3,3'-diiodothyronine) (Finnson et al., 1999; Blanton 
and Specker, 2007). The regulation of these outer-ring and inner-ring deiodination 
controls the availability of T3 for receptor binding in tissues. And in mammals, there 
are three types of deiodinases, types I, II and III. Similar deiodinases can also be 
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found in fish (Walpita et cd., 2007; Finnson et al., 1999; Blanton and Specker, 2007). 
Thyroidal T4 secretion is under the control of the brain-pitutary-thyroid axis. In 
mammals, the release of T4 from thyroid follicles is stimulated by thyroid-stimulating 
hormone (TSH) produced from pituitary and the secretion of TSH is in turn regulated 
by thyrotropin-releasing hormone (TRH) produced from the hypothalamus. Similarly, 
in fish, the release of T4 from thyroid follicles is stimulated by pituitary TSH. 
However, the hypothalamic factor controlling pituitary TSH release is not clear. Some 
recent findings suggested TRH may also perform the function but further studies 
would be needed to confirm. T4 exerts a negative feedback on the TSH secretion of 
pituitary (Yamano, 2005; Blanton and Specker, 2007; Brown et al., 2004). 
In fish plasma, it is found that the proportion of circulating THs (T4 and T3) in free 
form is very small as in mammals. Instead, the majority of THs are bound with 
plasma proteins for transport (Bales, 1985). These plasma proteins are refered as 
thyroid hormone-binding proteins (THBP) which include transthyretin (TTR) or 
thyroxine-binding prealbumin (TBPA), thyroxine-binding globulin (TBG) and serum 
albumin (ALB) (Power et al., 2001; Morgado et al., 2007a). The importance of 
lipoproteins for binding THs has also been suggested in fish (Babin, 1992; Morgado 
et al., 2007b). THs are lipophilic and so they would partition into lipid membranes 
rapidly. Therefore, THBP is crucial to prevent excess partitioning of THs into lipid 
membranes and so ensuring adequate distribution of THs in aqueous environment of 
the bloodstream (Power et al., 2000; Richardson et al., 2005). 
1.3.2. THs - Functions 
THs exert their actions by binding with TH receptors (TR) and most of their actions 
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are exerted via bioactive T3 in all vertebrates (especially in case of fish). The higher 
bioactivity of T3 may be due to its greater binding affinity to TR when compared with 
T4 (Brown et al., 2004; Power et al； 2001; Yamano, 2005). TR is categorized in the 
superfamily of nuclear hormone receptors in which other members such as receptors 
for retinoids and steroids are included (Janz and Weber, 2000; Yamano, 2005). TRs 
act as DNA-binding transcription factors binding to the thyroid hormone response 
elements (TREs) in the regulatory regions of target genes. Generally, in the absence 
of ligands (T3), TR acts as repressor along with co-repressor proteins to inhibit 
transcription. When ligand (T3) binds to TR, the conformation of TR is changed and 
co-repressor proteins are replaced by co-activator proteins to activate transcription 
(Wu and Koenig, 2000; Power et al., 2001). 
In fish as in all other vertebrates, the main function of THs is its regulatory role in the 
growth and development. Administration of THs to fish generally enhances fish 
growth, i.e. gains in both in weight and length. THs stimulate cartilage and bone 
growth, an effect which may be due to the synergistic effect with growth hormone. 
THs may promote growth through other mechanisms, such as stimulating appetite, 
improving food conversion efficiency and affecting protein anabolism and catabolism 
(Weatherley and Gill, 1987; Plisetskaya et al； 1983). 
The findings of the presence of maternal THs in oocytes and embryos in fish and the 
expression of TRs in embryos prior to the development of endogenous thyroid tissues 
have suggested that THs is crucial for embryo development (Raine et al., 2004). 
Many experiments found that THs administration increases the survival of embryos 
and larvae and improves their growth (Yamano, 2005). There are also negative 
findings, e.g. the survival rate of fish hatched from thyroid-limited eggs was not 
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changed when compare with control (Blanton and Specker, 2007; Tagawa and Hirano, 
1991). 
It is well-known that THs induce metamorphosis in amphibians. In fish, THs are also 
important in the processes of metamorphosis. For fish, metamorphosis refers to the 
transition from larva into juvenile with dramatic changes in external morphology and 
internal physiology (Power et al., 2001; Blanton and Specker, 2007; Yamano, 2005). 
The profile of the changes in TH levels showed that THs increase noticeably during 
the metamorphic climax (Yamano, 2005). And the treatment of TH and antithyroidal 
agent in flounder larvae showed TH induces metamorphosis (Inui and Miwa, 1985). 
THs have also been suggested to take role in reproduction, osmoregulation and 
behaviors in fish (Norris, 1997b). Treatment of THs and goitrogen (thyroid synthesis 
inhibitor) showed that THs are vital for gonad development (Norris, 1997b; Mukhi 
and Parino, 2007). THs may increase the seawater tolerance of fish by enhancing the 
effects of growth hormone and Cortisol (McCormick, 2001). Behaviors including 
premigratory, migratory and spawning were found to be related with increased level 
of THs (Norris, 1997b). 
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1.4. Growth hormone (GH) 
1.4.1. GH - General information and its regulations 
Growth hormone (somatotropin) is a proteinaceous hormone that is produced by the 
alpha cells of anterior lobe (pars distalis) of pituitary gland (Weatherley and Gill, 
1987). Growth hormone is categorized under the growth hormone / prolactin family 
(Ozaki et al., 2006). This family of hormones also includes other members: prolactin 
(PRL), fish somatolactin (SL) and mammalian placental lactogen or 
somatomammotropin (PL) (Canosa et al., 2007). They are grouped as the same family 
because of their similarities in structures, immunology and biology and they are 
thought to be evolved from a common ancestral gene (Nicoll et al., 1986). The 
members have molecular mass of ~22kDa and consist of 200 amino acids 
approximately having two or three disulfide internal bonds (Canosa et al., 2007). 
Fish growth hormone is a single chain polypeptide with molecular mass of 21-23 kDa 
and the range of sizes in fish is greater than that in other vertebrates (Canosa et al., 
2007; Perez-Sanchez, 2000). For example, the growth hormone of silver sea bream 
{Sparus sarba) has 204 amino acids and the molecular mass is 22 kDa (Deane and 
Woo, 2006). Most fish have four cysteine residues (with exception: carp's growth 
hormone having 5 cysteine residues) to form two disulfide bonds which are supposed 
to be important to the tertiary structure of growth hormone (Canosa et al., 2007; Peter 
and Marchant, 1995). 
Comparing the sequence identity of growth hormones, growth hormone of advanced 
teleostean fish showed 30-35 % similarity to human one while growth hormone of 
more primitive fish (e.g. sturgeon) showed higher similarity to human growth 
hormone, i.e. 50-70 % (Perez-Sanchez, 2000). 
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The pituitary secretion of growth hormone is under control of many different 
hormones in which somatostatin (SRIF) and growth hormone-releasing hormone 
(GHRH) have been regarded as the primary factors. Somatostatin (SRIF) is a 
tetradecapeptide that is produced in the hypothalamus (Lin and Peter, 2001). It has 
been found that the basal GH level and stimulated GH release are inhibited by SRIF 
both in vivo and in vitro experiments (Peter and Marchant, 1995). In contrast to the 
inhibitory effect of SRIF, growth hormone-releasing hormone (GHRH) provides a 
stimulatory effect on the GH secretion. It has been found that GHRH stimulates GH 
release in numbers of fish species, e.g. trout, carp and tilapia, both in vivo and in vitro 
studies. But the level of stimulation varies among different fish species (Montero et 
al., 2000). But, some studies discovered no or weak stimulation of GHRH to GH 
secretion (Holloway and Leatherland, 1998; Montero et al., 2000). Later, pituitary 
adenylate cyclase-activating peptide (PACAP), which belongs to the same 
superfamily of regulatory neuropeptides as GHRH, has been suggested to stimulate 
GH secretion (Holloway and Leatherland, 1998; Montero et al., 2000; Canosa et al., 
2007). 
There are other neuroendocrine factors influencing GH secretion. For example, 
insulin-like growth factor (IGF) and inhibitory neurotransmitters including serotonin 
(5HT), norepinephrine (NE), glutamate and y-aminobutyric acid (GABA) inhibit GH 
secretion (Canosa et al； 2007). For the stimulatory effect on GH secretion, 
thyrotropin-releasing hormone (TRH), dopamine (DA) and gonadotropin-releasing 
hormones (GnRH) are some examples (Holloway and Leatherland, 1998; Canosa et 
al, 2007). 
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1.4.2. GH - Functions 
Growth hormone exerts its physiological effects through binding to 
membrane-associated GH receptor (Bjomsson, 1997; Peter and Merchant, 1995). The 
main function of growth hormone can be realized from its name, i.e. promoting 
growth. In fish, growth hormone is widely accepted that it is the major regulator of 
somatic growth and metabolism and this is in agreement with the situations in other 
vertebrates (Ozaki et al., 2006). Besides, GH also takes part in other physiological 
processes, e.g. osmoregulation, reproduction and immune responses (Reinecke et al., 
2005). The importance of GH for growth can be demonstrated by hypophysectomy 
and treatment of exogenous GH. Retarded growth following hypophysectomy can be 
alleviated by GH injection. It has been reported that growth of hypophysectomized 
fish were stimulated by exogenous growth hormone or pituitary extracts from either 
fish or mammals (Weatherley and Gill, 1987). Moreover, many researches found that 
the administration of exogenous GH to intact fish (without hypophysectomy) resulted 
in growth in both fish length and weight (Bjomsson, 1997). GH may increase growth 
rate by various ways, e.g. stimulation of appetite, increase food conversion efficiency, 
stimulation of nutrient absorption in intestine and promotion of protein synthesis 
(Jobling, 1994a). The growth-promoting effects of GH may be either direct (via 
stimulating cell differentiation) or indirect, and it is believed that most of the 
growth-promoting effects should be mediated indirectly, i.e. through the induction of 
a mitogen, insulin-like growth factors (IGF) by GH (Riley et al., 2002; Park et al., 
2000). Insulin-like growth factor is a mitogenic polypeptide and has closed 
relationship with growth hormone in which they form the somatotropic axis 
(GH-IGF-I axis). GH is secreted from pituitary and then GH binds to its receptors in 
target organs, e.g. liver. This triggers the production of IGF-I by promoting the 
transcription of the IGF-I gene and modifying the IGF-I mRNA processing. And then 
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more IGF-I will be released and mediates the growth-promoting actions of GH 
(Pedroso et al, 2006). 
Growth hormone also takes an important role in osmoregulation, it has been regarded 
as the seawater-adapting hormone in teleosts (Madsen, 1990). Administration of GH 
has been carried out to check the osmoregulatory function of GH. It has found that 
long term GH treatment increased salinity tolerance and body size of fish. Some have 
suspected the increase in salinity tolerance is the indirect effect of GH on increasing 
body size. Later, some short-term GH treatment evidenced the specific effect of GH 
on increasing salinity tolerance as the time period was not long enough to increase 
body size (McCormick, 2001; Madsen, 1990). Many studies on the effects of GH on 
osmoregulation have been carried in salmonids, and the increase of plasma GH level 
was found to be important for salmons during smoltification to adapt to seawater 
(Young et al, 1989). Other studies of GH administration also revealed the importance 
of GH on osmoregulation in other teleost species. GH increases the salinity tolerance 
through various ways: proliferation of gill chloride cells, increase the activity of 
Na+,K+-ATPase and the Na+,K+,2Cr cotransporter (NKCC) to facilitate salt secretion 
(Sakamoto and McCormick, 2006; McCormick, 2001; Sangiao-Alvarellos et al., 
2006). There is interaction between GH and Cortisol to provide synergistic effect in 
salinity acclimation (Madsen, 1990; McCormick, 2001). It was found that there were 
greater increase in the activity of Na+,K+-ATPase (McCormick, 1996) and 
hypoosmoregulatory ability (Mancera and McCormick, 1999) by using the 
combination of GH and Cortisol than using either one in seawater adaptation. Recent 
findings suggested that the GH-IGF-I axis is also crucial in salinity tolerance but the 
evidence is still limited and further studies are required (Sakamoto and McCormick, 
2006; McCormick, 2001). 
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1.5. Insulin-like growth factor 
1.5.1. IGF-I - General information and its regulations 
Insulin-like growth factor (IGF) is a mitogenic polypeptide that is mainly produced in 
liver and also in many other non-hepatic tissues, e.g. muscle, kidney, brain, pancreas, 
testes, ovary and gut (Moriyama et al” 2000; Peter and Marchant, 1995). Besides 
acting in an endocrine fashion, it is suggested that the locally produced IGFs may also 
act in paracrine and autocrine manners (Duan, 1998). It belongs to the insulin 
superfamily in which there is another member, insulin, these two types of peptide 
hormones are structurally related (Chan et al” 1993). 
Two forms of insulin-like growth factor were recognized, i.e. IGF-I and IGF-II. Both 
forms can be found in teleost fish, as in mammals (Peter and Marchant, 1995). IGF-I 
and IGF-II consist of approximately 70 and 67 amino acids respectively (Moriyama et 
al., 2000; Duan, 1998) and IGF-I has molecular mass of -7.5 kDa (Mommsen, 2001). 
The number of domains in fish IGFs (IGF-I and IGF-II) is the same as that of higher 
vertebrates. There are four domains which include B-, C-, A-, and D-domains. And 
the prepoIGF has a signal peptide and E-domain in additional to the mature IGF (B-, 
C-, A-, and D-domains) (Moriyama et al., 2000; Chan et al,, 1993; Duan, 1998). The 
nucleotide sequence of IGFs have been verified in variety of teleost fish, e.g. salmon, 
tilapia, sea bream and eel etc (Moriyama et al” 2000; Duan, 1998). 
Comparing the sequence identity of IGF-I, IGF-Is of fish showed 60-83 % similarity 
to human. For IGF-II, IGF-IIs of fish showed 64-78 % similarity to human 
(Moriyama et al., 2000). And generally, the IGFs of teleosts have around 80 % 
similarity to the mammalian IGFs (Kelley et al” 2002). Structural and functional 
studies have concluded that the structure and biological potency of IGFs are 
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conserved among vertebrates (e.g. between fish and mammals) (Duan, 1998). 
As stated before, most of the physiological actions of growth hormones are mediated 
by IGF-I and so GH is the primary positive regulator of the production of IGF-I. 
Many experiments have concluded that the hepatic IGF-I mRNA level and circulating, 
plasma IGF-I increased after GH treatment (Dickhoff et al., 1997). The occurrence of 
GH/IGF-I axis is conserved between teleost fish and mammals. There is a negative 
feedback from IGF-I to inhibit the release of GH from pituitary (Canosa et al., 2007). 
Besides growth hormone, there are other factors affecting the production of IGFs, for 
example insulin, other hormones, nutritional state (e.g. food deprivation) and external 
environment conditions (temperature and day length) (Peter and Marchant, 1995; 
Reinecke et al., 2005). Some experiments found that IGF-II is also induced by GH but 
the studies on IGF-II are still limited and more studies are required to understand 
IGF-II biology (Moriyama et al., 2000; Reinecke et al., 2005). 
In blood, the ciculating IGFs binds with specific binding proteins, IGF-binding 
proteins (IGFBPs). In salmonids, the percentage of circulating IGF-I binding with 
IGFBPs was over 99 %, so it seems that the majority of circulating IGF-I is not in the 
free form (Shimizu et al., 1999; Reinecke et al., 2005). There are six forms of distinct 
IGFBPs identified in mammals, and some of them can also be found in fish (Peter and 
Marchant, 1995; Duan and Xu, 2005; Reinecke et al, 2005). IGFBPs act as carrier 
protein of circulating IGFs and so regulate the distribution and efflux of IGFs. 
Moreover, IGFBPs can extend the half-life of IGFs and regulate the turnover of IGFs. 
IGFBPs may also be involved in the interaction of IGFs and their receptors and so 
may either promote or inhibit the activity of IGFs (Duan and Xu, 2005; Moriyama et 
al” 2000; Kelley et al., 2001). 
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1.5.2. IGF-I - Functions 
IGF-I exerts its actions on cells by binding with the IGF-I receptor (IGF-IR). In 
mammals, two types of IGF receptors, IGF type I receptor and IGF type II receptor, 
were found. IGF type I receptor is similar to insulin receptor, is a heterotetramer with 
a tyrosine kinase domain in cytoplasmic region of (3-subunit. IGF type II receptor is 
identical to the cation-independent mannose 6-phosphate receptor. And it is found that 
teleost IGF-IR should be similar to the mammalian IGF type I receptor in structure 
and functions (Duan, 1998; Schmid, 1995; Moriyama et al., 2000; Reinecke et al., 
2005). 
IGF-I has been reported to have diverse physiological functions, and the main one is 
its regulatory role in fish growth and development. It mediates the growth promoting 
effect of growth hormone, this is well known in vertebrates. IGF-I treatment promotes 
the growth of fish (both in length and weight) (Peter and merchant, 1995; Chen et al., 
2000; McCormick et al., 1992). It stimulates the growth of cartilage by enhancing the 
matrix proteoglycan synthesis and muscle by stimulating protein synthesis (Beckman 
et al., 2004; Datuin et al., 2001; Negatu and Meier, 1995). 
Recently, IGF-I has been suggested to be important in osmoregulation of fish. 
Adminstration of IGF-I stimulates the Na+,K+-ATPase activity and improves 
hypoosmoregulatory ability (Seidelin et al., 1999). The findings on the effects of 
GH/IGF-I axis in salinity tolerance are limited in anadromous and euryhaline species, 
and so related research should be further expanded on other types of fish (McCormick, 
2001; Reinecke et al” 2005). 
IGFs are recently suggested to be vital in fish reproduction. IGF-I has been reported 
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to be involved in the induction of final oocyte maturation and the regulation in 
spermatogenesis (Duan, 1998). It is found that DNA synthesis in spermatogonia was 
stimulated by IGF-I and IGF-II (Loir and Le Gac, 1994). 
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1.6. Metallothioneins 
1.6.1. MTs - Definition and Classification 
Metals are important to the life of living things because they take part in a variety of 
metabolic processes. However metals can also be a nuisance sometimes when they are 
in excess or simply toxic to the cells. In order to deal with metals, metalloproteins 
have been evolved to tackle with metals. One of the important metalloproteins is 
metallothioneins (MTs). 
Metallothioneins (MTs) refer to a superfamily of low molecular weight, cysteine-rich, 
metal-binding proteins or polypeptides that occur ubiquitously (Romero-Isart and 
Vasak, 2002). MT was first discovered as a cadmium-binding protein in the equine 
kidney cortex by Margoshes and Vallee in 1957 (Margoshes and Vallee, 1957). 
They designated this intracellular protein as "metallothionein" because of its 
extremely high metal and thiolate sulfur content (Margoshes and Vallee, 1957). 
Afterwards, many researches have focused on MTs and it was found that MTs exist 
throughout the animal kingdom, higher plants, eukaryotic and prokaryotic 
microorganisms (Romero-Isart and Vasak, 2002). The characterization of MTs from 
different species has led to some general and unique features of this protein. It is a 
low molecular weight protein (6-7 kDa) with uniform length (about 60-61 amino 
acids) (Romero-Isart and Vasak, 2002; Olsson, 1993). The most conserved features 
among MTs is that it contains 20 cysteine in its amino acid composition and the 
position of cysteine is invariant with characteristic sequence as Cys-Cys or 
Cys-X-Cys or Cys-X-Y-Cys (where Cys is cysteine and X，Y refer to amino acids 
other than cysteine) (Chan et al., 2002). These conserved characteristics indicate the 
importance of this grouping to the function of MT. This grouping enables MT to 
26 
chelate metal ions strongly by the formation of highly organized metal-thiolate 
clusters (Chan et al., 2002). 
With high cysteine content (up to 30% of amino acid residues) and no aromatic amino 
acid, MTs contain many intramolecular SH groups (regarded as in free form) and no 
intramolecular S-S bonds (Sato and Kondoh, 2002). In the formation of metal-thiolate 
clusters, SH groups acts as the sole ligands for the metal ions (Chan et al., 2002). 
Traditionally, MTs were categorized into three main classes and this classification was 
based on their structural properties. Class I MTs include those MTs that are closely 
related to equine MT (show high degree of conservation in the cysteine location of 
sequence) and so mammalian MTs are the main members of this class. Class II MTs 
include those MTs that are distantly related to the equine MTs. Class III MTs refers to 
atypical peptides having the gammaglutamyl-cysteinyl units and they bear a 
resemblance to proteinaceous MTs (Fowler, et al., 1987). 
A new classification of MTs has been proposed as a result of growing number of MTs 
being discovered. This new classification is based on the sequence similarities and 
phylogenetic relationship instead of the structural properties. Under this system, MTs 
have been classified into superfamilies, families, subfamilies, subgroups, isolated 
isoforms and alleles (Kojima, et al., 1999). 
1.6.2. MTs - Functions 
MTs was discovered in 1957 (Margoshes and Vallee, 1957) and so it has been 
discovered for 50 years already. Since its discovery, many studies have been done to 
investigate various aspects of its functions. As MTs was first recognized as a 
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cadmium-binding protein (Margoshes and Vallee, 1957), it was firstly proposed to be 
involved in the detoxification of heavy metals. And later on, other kinds of its 
function had been suggested, e.g. role in metabolism of essential, trace metals (zinc 
and copper) and as a scavenger for oxygen free radicals (Brady, 1982; Sato and 
Kondoh，2002). Although much research has been carried out on the functions of this 
protein, the functional aspects of MTs are still the topic of discussion and many other 
possible roles have been proposed. 
Detoxification of heavy metals 
At the very beginning, MTs have already been thought to be related to metal 
detoxification because it was found as a protein that contained cadmium naturally. 
Besides, MTs were highly inducible by different kinds of metals and this further 
supported the suggestion of metal detoxification by MTs. MTs has been found to be 
induced in vivo experiments, e.g. injection of cadmium, mercury, zinc or copper 
increase MT mRNA expression in mouse liver and kidney (Dumam and Palmiter, 
1981). Other findings from in vitro studies also agreed with the in vivo findings, such 
as cadmium induced the MT mRNA expression in cultured cells (Dumam and 
Palmiter, 1984). Recently, transgenic mouse provided some evidence to support the 
importance of MTs in protection against heavy metals. Transgenic mice with 
inactivated MT-I and MT-II genes showed greater susceptibility to cadmium toxicity 
than normal mice by showing mortality along with more severe hepatocellular injury 
(Masters et al” 1994). In another study using MT-null mice to test the difference in 
metal-induced lethality between wild-type and MT-null mice, it was found that 
MT-null mice were more susceptible to cadmium, zinc, copper and arsenic with 
higher lethality (Park et al., 2001). So, MTs exhibit a protective effect against metal 
toxicity. Subsequent research has turned to focus on other possible roles of MTs. 
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Metalloregulatory roles 
MTs naturally bind to cadmium and further studies revealed that it can also bind with 
zinc and copper (Kagi and Vallee, 1960, Kagi and Vallee, 1961 and Pulido et al” 
1966). And so it is not surprising that MTs was supposed to be vital in metal 
metabolism. Zinc and copper are the essential metals that are required in trace 
amounts and it is important to maintain their appropriate levels in cells. MTs have 
been suggested to maintain the homeostasis of these ions. Administration of zinc to 
whole animal or cell culture both resulted in increase of MT level (Bremner and 
Davies, 1975; Karin et al., 1981). This suggested that MTs were induced to bind with 
the excess amount of zinc and so prevent the toxicity of zinc from occurring. Similar 
situation also occurred in the exposure of copper, a MT-null cell study has showed 
that MTs acted as a safe copper storage by capturing the excess amount of copper 
(Tapia et al., 2004). Moreover, it has been reported that MTs was also important 
during deficiency of zinc or copper (Bremner and Davies, 1975; Suhy et al” 1999; 
Suzuki et al., 2002). 
The metal clusters of MTs were found to have high thermodynamic stability which 
enables it to bind metal tightly, but the kinetic lability of MTs is also high. As a result, 
MTs can both bind metals tightly and release metals rapidly and so it would perform 
the role in the distribution and transfer of metal ions (Babini and Viezzoli, 2001; Tapia, 
2004). MT acted as the supply of zinc and copper in the biosynthesis of 
metalloproteins and metalloenzymes, as demonstrated by some in vitro studies: MT 
transfers these ions to appropriate apoforms (Beltramini and Lerch, 1982 and Brady, 
1982). Also, MTs reactivated some zinc-requiring apoenzymes and copper-requiring 
apoenzymes (Udom and Brady, 1980; Geller and Winge, 1982). MT may perform the 
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metalloregulatory functions by controlling the flow of Zn in the Zn-related processes, 
e.g. replication, transcription and translation (Karin, 1985). In vitro experiments 
showed that apoform of MTs can withdraw Zn from the zinc finger transcription 
factors to stop DNA binding and transcription (Zeng et al., 1991; Zeng and Kagi, 
1991). 
MTs are supposed to be important in the processes of cell growth and differentiation 
because of its regulated programmed expression during embryogenesis and fetal 
development (Kagi and Schaffer, 1988) and high level of MTs in rapidly growing and 
developing tissues (Brady, 1982). But, some studies observed that MT-null mice were 
bom alive, viable and fertile (Michalska and Choo, 1993; Masters et al., 1994). 
Protection against oxidative stress 
Cells have to face the oxidative stress generated by reactive oxygen species (ROS), 
and there are many different antioxidants discovered to cope with this stress, e.g. 
superoxide dismutase (SOD) and catalase (CAT) (Atif et al., 2006). And recently, 
MTs have been suggested to be a potential free-radial scavenger. MTs was reported to 
be induced upon exposure to free radicals (Kagi and Schaffer, 1988; Kondoh et al., 
2001). The radical scavenging ability of MTs has been tested, and it has found that 
MTs scavenged hydroxyl and superoxide radicals (Thomalley and Vasak, 1985; Irato 
et al, 2001; Atif et al, 2006). In vitro experiments have shown that MT-null cells were 
more sensitive to oxidative stress (Lazo et al., 1995). In vivo studies have reported a 
protective effect of MTs against oxidative injuries (Kang, 1999; Kimura et al., 2000). 
However, an in vivo study found that MTs did not protect the mice against oxidative 
stress generated by radiation (Conard et al., 2000). 
1.7. Glucose-6-phosphate dehydrogenase 
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1.7.1. G6PDH - General information and its regulations 
Glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49) acts as the first enzyme 
in the pentose phosphate pathway (PPP) and is rate-limiting. In the PPP, G6PDH 
catalyzes the oxidation of glucose-6-phosphate (G6P) into 
6-phosphoglucono-5-lactone along with the production of the pyridine nucleotide 
NADPH from NADP (nicotinamide adenine dinucleotide phosphate) (Slenzka et al., 
1995; Winzer et al., 2002). Another enzyme in the PPP, 6-phosphogluconate 
dehydrogenase (6PGDH)，also generates NADPH (Tian et al., 1998). 
G6PDH was first isolated from erythrocytes and fermenting yeast and its occurrence 
has been widely reported in animal tissues and microorganisms (Lohr and Waller, 
1974). Adipose tissues, mammary glands, liver and blood cells are the main sources of 
G6PDH (Lohr and Waller, 1974; Voet et al., 1999). 
The g6pdh gene has been cloned and characterized in fish, but only limited to several 
fish species, e.g. Japanese puffer fish, silver sea bream, fathead minnow and Japanese 
medaka (Deane and Woo, 2005). Comparing the amino acid sequence identity of 
G6PDH, the one of Japanese puffer fish showed 76 % similarity to that of humans 
(Mason et al,, 1995). 
The G6PDH activity and its gene expression can be altered by many different factors, 
both internal (e.g. hormonal and nutritional status of fish) and external (e.g. 
temperature and salinity of environment) factors (Barroso et al” 2001; Deane and 
Woo, 2005). Administration of growth hormone in sea bream resulted in elevation of 
the G6PDH activity (Deane and Woo, 2005). It is reported that Cortisol increases the 
G6PDH activity while opposite effect of Cortisol on G6PDH was also found 
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(Mommsen et al” 1999; Tripathi and Verma, 2003). Food deprivation in rainbow trout 
leads to lower hepatic G6PDH level (Jiirss et al., 1987). Moreover, G6PDH is induced 
in response to treatment of oxidative stress to protect the cells against oxidative 
damage (Chung et al., 2005). 
1.7.2. G6PDH - Functions 
As stated before, G6PDH generates NADPH. This is one of the important actions of 
G6PDH because NADPH is the main cytoplasmic reducing compound and is required 
in many biochemical activities (Winzer et al., 2001). NADPH is involved in certain 
reductive synthesis, e.g. biosynthesis of fatty acids and steroids (Gomez-Milan and 
Lozano, 2007; Barroso et al., 2001). Also, G6PDH is important in protein synthesis 
(Kan et al., 1988; Barroso et al., 2001). NADPH protects the cell against oxidative 
stress and is important in maintenance of redox state of the cell (Di'ez-Femandez et al., 
1996). Another important product generated by G6PDH in the PPP is 
ribose-5-phosphate (R5P) which is for the synthesis of nucleic acid (Slenzka et al., 
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Figure 1. Simplified diagram for the pentose phosphate pathway (PPP) (modified 
from Tian et al., 1998) 
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Chapter 2: Effects of cadmium exposure on the 
endocrine status 
of silver sea bream, Sparus sarba 
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2.1. Introduction 
The pollution of cadmium to the environment has drawn considerable attention since 
the adverse effects of Cd were being discovered over time. Cd has been regarded as 
an endocrine disrupter and carcinogen. There is increasing evidence that the toxicity 
of Cd may be mainly due to its alteration in the endocrine system of animals. 
Accumulation of cadmium in the environment has become a great hazard to both wild 
animals and humans since there is increasing knowledge on the harmful effects on the 
physiology of living organsims. Cadmium is recognized as an endocrine disrupter to a 
variety of animals, e.g. fish, mollusk, mouse and human (Gagnon et al., 2007; Ketata 
et al., 2007; Poliandri et al., 2006a; Lei et al., 2007; Piasek et al.’ 2002). 
Endocrine disrupters refer to those chemicals that disrupt the normal actions of the 
endogenous hormones and so disturb the endocrine system (Schantz and Widholm, 
2001). One of the important aspects of Cd toxicity is its disrupting effects on the 
endocrine system (Vetillard and Bailhache, 2005). Some suggested this may 
contribute to the carcinogenicity of Cd (Poliandri et al., 2006a; Waalkes et al., 1999); 
Cd is classified as a human carcinogen and it is also found to be carcinogenic to other 
animals (Huffer al, 2007). 
Endocrine disruption leads to alterations in many physiological processes, e.g. 
reproductive processes. The Cd-mediated negative effects on reproduction by 
disrupting the endocrine system are frequently studied in fish when compared with 
other physiological aspects of the fish (Vetillard and Bailhache, 2005; Tilton et al” 
2003; Le Guevel et al., 2000). Therefore, more research is needed to further the 
knowledge about the Cd-induced disruption in other physiological areas, e.g. growth 
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and development. 
In my investigation, several hormones with close relationship with growth and 
development will be studied, i.e. growth hormone, thyroid hormones (T3 and T4), 
Cortisol and IGF-I. Some studies have been carried out to investigate the effects of Cd 
on the physiology of Cortisol and thyroid hormones in fish. And it is found that Cd 
would impair the interrenal function of Cortisol synthesis and secretion 
(Lizardo-Daudt et al., 2007). For thyroid hormones, it is clearly demonstrated in 
mouse models that Cd exerts a depressive effects on thyroid function with lower 
plasma level of circulating T3 and T4 (Pavia Jr et al., 1997; Chaurasia et al” 1996). 
However related studies on fish are scarce and so further investigations are required. 
Regarding GH and IGF-I, studies are even less than that of thyroid hormones. In some 
rodent model, plasma level of GH and IGF-I were decreased upon Cd exposure 
(Alvarez et al., 1996; Lafuente et al., 2003; Turgut et al., 2005). 
Therefore, the aim of my investigation is to study the status of several hormonal 
systems (GH, IGF-I, T3, T4 and Cortisol) in response to Cd challenge. This would help 
to advance knowledge on the endocrine disrupting effect of Cd on some hormones in 
fish. 
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2.2. Materials and methods 
2.2.1. Overall experimental design 
This chapter aims to investigate the endocrine status of the silver sea bream in 
response to cadmium exposure. Experiments were performed both under in vivo and 
in vitro conditions. In the in vivo experiments, fish were exposed to Cd in either 
waterbome-Cd or intraperitoneal injection of Cd. In waterbome-Cd exposure, there 
were two doses of cadmium applied, i.e. 50 [ig Cd/L and 200 |ig Cd/L. Cd 
concentration in water body can vary within a large range and it has found that Cd 
level could be greater than 17 mg/L in highly polluted areas (Jones et al., 2001). In 
intraperitoneal injection of Cd, two doses, 0.1 mg Cd/kg and 1.0 mg Cd/kg, were 
applied with reference to doses used in other studied (Atif et al., 2005; Romeo et al” 
2000; Cheung et al” 2004; Tom et al., 1998). For the in vitro part, hepatocytes of 
silver sea bream were used for cell culture and exposed to Cd in vitro. 
2.2.2. In vivo exposure to waterborne cadmium 
2.2.2.1. Experimental animals 
Silver sea bream (Sparus sarba) were obtained from local sea cages and kept in 
closed system aquaria (circulating sea water, 33 ppt) in the Simon RS. Li Marine 
Science Laboratory (MSL), The Chinese University of Hong Kong. They were 
allowed to acclimate to culture conditions for two weeks before experiments. 
Throughout the acclimation period, fish were exposed to natural photoperiod and 
were fed with pellet diet formulated by Woo and Kelly (1995). 
2.2.2.2. Adaptation 
A stock of silver sea bream {Spams sarba) weighing 250 士 6 g (mean 士 SEM), was 
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divided into three groups. All groups of fish were reared and maintained in a 500-L 
plastic aquarium with seawater (33 ppt) and continuous aeration. Two sets of fish 
were exposed to cadmium environment by adding cadmium chloride to the seawater 
and the concentration of cadmium ion was set and maintained at 50 [ig Cd/L or 200 
jig Cd/L. The remaining set of fish was not treated with cadmium (reared in seawater 
at 33 ppt) and served as a control. After 2 days of exposure, half of the seawater was 
renewed in all groups and cadmium chloride was added back in the cadmium-treated 
groups. All fish were kept under these conditions for four days before sampling as a 
short-term exposure to cadmium. 
2.2.2.3. Tissue sampling 
Fish were fasted for 24 hours prior to sampling. Fish were removed from the water 
and their blood was taken with a syringe inserted into the caudal vessels. A portion of 
blood was placed within heparinized microhematocrit tubes and centrifuged to obtain 
the hematocrit value. Another portion of blood was allowed to clot for one hour at 
room temperature and centrifuged at 10,000 x g for 5 minutes to collect serum. 
After taking the blood, fish were killed immediately by spinal transection and 
weighed. The pituitary gland was removed and quick frozen in liquid nitrogen. Other 
tissues including gill and liver were dissected out and put into TRI reagent (Molecular 
Research Center, Inc., USA). All the samples were then stored at -70 °C until later 
analysis. 
2.2.2.4. Enzyme-linked immunosorbent assay (ELISA) 
Three types of hormones (Cortisol, triiodothyronine and thyroxine) in serum were 
measured by commercial ELISA kits. 
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2.2.2.4.1. Serum Cortisol analysis 
Serum Cortisol was measured by using a competitive enzyme immunoassay kit 
(Cayman Chemical Company, Michigan, USA). The assay was performed according 
to the instruction stated and the color of the reaction mixture was measured 
spectrophotometrically at 405nm using a microplate reader (SpectraMax 250). 
The principle of this assay is based on the competition of free Cortisol of the serum 
sample and the Cortisol tracer (provided from the kit) for the coated cortisol-specific 
rabbit antiserum binding sites which are limited in number. The bound Cortisol tracer 
reacts with the Ellman's Reagent (provided from the kit) to develop yellow color. The 
amount of serum Cortisol is inversely proportional to the amount of Cortisol tracer and 
also the intensity of yellow color. 
i.e. [serum Cortisol] oc 1/[Cortisol tracer] oc 1/absorbance 
2.2.2.4.2. Serum triiodothyronine analysis 
Serum triiodothyronine was assayed using a competitive enzyme immunoassay kit 
(Diagnostic Systems Laboratories, Inc., Texas, USA). The assay was performed 
according to the instruction stated and the color of the reaction mixture was measured 
spectrophotometrically at 450nm using a microplate reader (SpectraMax 250). 
The principle of this kit is just the same as the above Cortisol EIA kit, it is also based 
on the competition between the serum triiodothyronine and the enzyme-labeled 
antigen for a limited number of coated antibody binding sites. 
2.2.2.4.3. Serum thyroxine analysis 
Serum thyroxine was assayed using a competitive enzyme immunoassay kit 
(Diagnostic Systems Laboratories, Inc., Texas, USA). The assay was performed 
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according to the instruction stated and the color of the reaction mixture was measured 
spectrophotometrically at 450nm using a microplate reader (SpectraMax 250). 
The principle of this kit is just the same as the above triiodothyronine EI A kit, it is 
also based on the competition between the serum thyroxine and the enzyme-labeled 
antigen for a limited number of coated antibody binding sites. 
2.2.2.5. Protein extraction and Protein quantification 
The pituitary gland was added to 200 |il of extraction buffer (4M urea, 0.5% wt/vol 
sodium dodecyl sulfate (SDS), lOmM EDTA, 2mM PMSF) and homogenized for 30 
seconds using a rotor stator homogenizer (Heidolph DIAX 900). The samples were 
then transferred to a 1.5 ml Eppendorf tube, incubated at 95 °C for 10 minutes. And 
then the samples were centrifuged at 10,000 x g for a further 10 minutes. Total protein 
was quantified using the dye binding method of Bradford (1976). A standard curve 
was plotted by calibrating a serial dilution of protein standard solutions of bovine 
serum albumin (Sigma) with concentration between 0 and 1 mg/ml. The total protein 
of samples was determined using the standard curve. 
2.2.2.6. Protein gel electrophoresis and immunoblotting (Western blotting) 
One-dimensional sodium dodecylsulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was applied to resolve proteins of different molecular weights according 
to the method of Laemmli (1970) using a 4% (stacking) and 12% (separating) 
polyacrylamide gel. For electrophoresis, l|ig total soluble protein of samples mixed 
with 5III loading buffer (0.1 % bromophenol blue, 1.2 % Tris base, 10 % SDS, 10 % 
p-mercaptoethanol and 20 % glycerol, pH 6.8) were loaded into wells in stacking gel 
and then electrophoresed for 1 hour at 150 V using a Mini-PROTEAN II 
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electrophoresis cell (Bio-Rad). 
After SDS-PAGE the resolved proteins were transferred from separating gel to a 
nitrocellulose membrane (Bio-Rad) using an electrotransfer cell (Bio-Rad) for 1 hour 
at 150 V. 
After protein transfer, the membranes were air-dried for a few minutes and then they 
were blocked with 0.01 M phosphate-buffered saline (PBS), pH 7.2，containing 0.05 
% Tween-20 (PBS-T) with 5 % skimmed milk powder for 1 hour with shaking at the 
speed of 20 REV/min. The membranes were washed by PBS-T for 15 minutes twice 
with shaking at the speed of 50 REV/min and then incubated for 1 hour with the 
primary antibody, rabbit polyclonal anti-sea bream growth hormone antibody (Deane 
and Woo, 2006) at dilution of 1: 4000 with shaking at the speed of 20 REV/min. The 
membranes were washed by PBS-T for 15 minutes twice as before and incubated for 
1 hour with the secondary antibody, anti-rabbit IgQ horseradish peroxidase 
(Amersham) at the dilution of 1: 8000 with shaking at the speed of 20 REV/min. 
Finally, the membranes were rinsed and visualized with addition of reagent of an ECL 
development system (Amersham). The intensities of the bands were assessed using a 
Lumi-Imager F1 (Roche) and the GH levels of the bands were quantified with the 
Lumi Analyst, version 3.1, software supplied with the system. 
2.2.2.7. RNA extraction 
The hepatic tissues of the experimental fish were homogenized in 500 |il of TRI 
reagent (Molecular Research Center, Inc., USA) for 20sec using a rotor stator 
homogenizer (Heidolph DIAX 900) and then incubated for 10 minutes at room 
temperature. After, 100 \x\ chloroform was added and mixed vigorously and the final 
solution was allowed to incubate for 15 minutes and then was centrifuged at 13500 
rpm at 4 °C for 15 minutes. The solution was separated into three phases: aqueous 
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phase (top), inter-phase (middle) and organic phase (bottom).The top and clear 
aqueous layer which contained total RNA exclusively was pipetted into a new 
Eppendorf tube and then 200 |il isopropanol was added to it. They were mixed and 
then allowed to precipitate for 15 minutes. The tubes were centrifuged at 13500 rpm 
at 4。C for 15 minute to obtain the RNA pellet and then the supernatant was discarded. 
The pellet was washed by 500 75% ethanol via vortexing and centrifugation at 
13500 rpm at 4 °C for 15 minutes. The supernatant was then removed and the pellet 
was allowed to air dry and then it was dissolved in 12 DEPC water. The integrity of 
total RNA was checked by performing gel electrophoresis of 500 ng of the RNA of 
each sample using 1% agarose gel (checking the presence of 18S and 28S distinct 
bands). 
2.2.2.8. Reverse transcription for first-strand cDNAs from total RNAs samples 
from liver 
For first-strand complementary DNA synthesis, 3 p.g of total RNA from liver tissues 
was used in reverse transcription as template. Firstly, Amplification grade DNase I 
(Invitrogen, HK) in IX DNase I reaction buffer was added to the total RNA sample 
and incubated at room temperature for 15 minutes to digest genomic DNA that may 
be present as contaminant. After that, 1 |il 25 mM EDTA was added and incubated at 
65。C for 15 minutes to stop the action of DNase 1. Then, 1.1 j^ l oligo(dT) was added 
to hybridize with the 3' poly(A) tails of mRNAs and the tubes were incubated at 70 °C 
for 10 minutes to denature the secondary structure of mRNA template and then chilled 
on ice immediately for 5 minutes. A volume of 6 reaction mixture (1 |LI1 M - M L V RT 
(Moloney Murine Leukemia Virus Reverse Transcriptase, activity is 200U/)il) 
(Promega, Madison, USA), 4 |il M-MLV 5X reaction buffer (Promega, Madison, 
USA) and 1 \x\ lOmM dNTP mix (Promega, Madison, USA)) was added to the 
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mixture of RNA sample and oligo(dT) and incubated at 4 2 � C for 2 hours. The RT 
reaction was stopped by incubating the reaction mixture at 70�C for 15 minutes. Then, 
the first strand cDNA synthesized was stored at - 20 °C for later PCR analysis. 
2.2.2.9. Real-time quantitative PCR assays of IGF-I mRNA expression 
The mRNA expression of IGF-1 was determined by real-time quantitative PCR which 
was performed in Bio-Rad iQ5 system. Each of the 30 |il DNA amplification reaction 
mixture contains 15 i^l iQ™ SYBR® Green Supermix (BioRad; Hercules, CA), 0.3|il 
of sense primer (200 nM concentration), 0.3 antisense primer ( 200 nM 
concentration), 4.4 \x\ PCR water and 10 |il cDNA template. Amplification of an 18S 
rRNA fragment (GenBank Accession number: EF494673) was used as a 
normalization control for the expression data. The primers used in the real-time 
quantitative PCR were as following sequences: 
IGF-1: 5, - TCTCCTGTAGCCACACCCTCTC - 3 ’ (sense) 
5' - GAAGCAGCACTCGTCCACAATG - 3, (antisense) 
(GenBank Accession number: AY608674) 
18S: 5, - CTTGGATGTGGTAGCCGTTT - 3, (sense) 
5' - GGATGCGTGCATTTATCAGA - 3' (antisense) 
The PCR reaction conditions for IGF-1 was as follows: one cycle at 95 °C for 4 
minutes, 40 cycles at 9 5 � C for 30 seconds (denaturation), 6 0 � C for 30 seconds 
(annealing), 72 °C for 40 seconds (extension) and 84 °C (elimination of primer 
dimmer) for 7 seconds. Fluorescent data were collected at 84 . Standards for each 
gene were prepared to construct the standard curve for calculation of the amount of 
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target genes. The details were as follows: the DNA fragment of each target gene was 
made by PCR and then the PCR product was purified by NucleoTrap Nucleic Acid 
Purification Kits (BD Biosciences; Palo Alto, CA) following the instruction of the Gel 
Extraction Protocol in the user manual. The concentration of DNA fragment was 
quantified by comparing with the lOObp DNA Ladder (TAKARA BIO INC; Japan) 
through densitometry. The DNA fragment was diluted by serial dilution to give the 
range from 10^  to 10^  copies of DNA fragment in 30 |il reaction mixture. A blank 
control was performed without the presence of template for checking possible 
contamination. The abundance of IGF-1 gene transcript was normalized to 18S 
abundance for each sample. 
2.2.3. In vivo experiments involving cadmium injection 
2.2.3.1. Experimental animals 
Silver sea bream {Sparus sarba) were obtained from local sea cages and kept in 
closed system aquaria (circulating sea water, 33 ppt) in the Simon RS. Li Marine 
Science Laboratory (MSL), The Chinese University of Hong Kong. They were 
allowed to acclimate to culture conditions for two weeks before experiments. 
Throughout the acclimation period, fish were exposed to natural photoperiod and 
were fed with pellet diet formulated by Woo and Kelly (1995). 
2.2.3.2. Adaptation 
A stock of silver sea bream {Sparus sarba) weighing 125 士 6 g (mean 士 SEM), was 
divided randomly into three groups. All groups of fish were reared and maintained in 
a tank with circulating seawater (33 ppt) and continuous aeration. Two sets of fish 
were treated with cadmium by intraperitoneal injections of cadmium chloride solution 
(dissolved in 0.8 % w/v NaCl) two times (at day 1 and day 3) at doses of 0.1 mg 
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Cd/kg or 1.0 m g Cd/kg per injection. The remaining group served as control which 
was injected intraperitoneally with saline (0.8% w/v NaCl) vehicle. 
2.2.3.3. Tissue sampling 
Fish were fasted for 24 hours prior to sampling and were sacrificed at day 5. Fish 
were removed from the water and their blood was taken with a syringe inserted into 
the caudal vessels. A portion of blood was placed within heparinized microhematocrit 
tubes and centrifuged to obtain the hematocrit value. Another portion of blood was 
allowed to clot for one hour at room temperature and centrifuged at 10,000 x g for 5 
minutes to collect serum. 
After taking the blood, fish were killed immediately by spinal transection and 
weighed. The pituitary gland was removed and quick frozen in liquid nitrogen. 
Other tissues including gill and liver were dissected out and put into TRI reagent 
(Molecular Research Center, Inc., USA). All the samples were then stored at -70°C 
until later analysis. 
2.2.3.4. Enzyme-linked immunosorbent assay (ELISA) 
Three types of hormones (Cortisol, triiodothyronine and thyroxine) in serum were 
measured by commercial ELISA kits. 
2.2.3.4.1. Serum Cortisol analysis 
The procedures of Cortisol measurement were exactly the same as those described in 
2.2.2.4.1. 
2.2.3.4.2. Serum triiodothyronine analysis 
The procedures of triiodothyronine measurement were exactly the same as those 
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described in 2.2.2.4.2. 
2.2.3.4.3. Serum thyroxine analysis 
The procedures of thyroxine measurement were exactly the same as those described in 
2.2.2.4.3. 
2.2.3.5. Protein extraction and Protein quantiHcation 
Procedures of protein extraction and quantification were exactly the same as those 
described in 2.2.2.5. 
2.2.3.6. Protein gel electrophoresis and immunoblotting (Western blotting) 
Procedures of gel electrophoresis and immunoblotting (Western blotting) were 
exactly the same as those described in 2.2.2.6. 
2.2.3.7. RNA extraction 
Procedures of R N A extraction were exactly the same as those described in 2.2.2.7. 
2.2.3.8. Reverse transcription for the first-strand cDNAs from total RNAs 
samples from liver 
Procedures of reverse transcription were exactly the same as those described in 
2.2.2.8. 
2.2.3.9. Real-time quantitative PCR of IGF-I mRNA expression 
Procedures of real-time quantitative PCR were exactly the same as those described in 
2.2.2.9. 
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2.2.4. In vitro part of the project (Primary cell culture: hepatocytes exposed to 
cadmium medium) 
2.2.4.1. Experimental animals 
The experimental animal was silver sea bream [Spams sarba) and the details were the 
same as in 1.1. 
2.2.4.2. Primary hepatocytes culture preparation 
Hepatocytes were prepared for cell culture by collagenase treatment of liver pieces 
according to Mommsen et al. (1994). The livers were excised from silver sea bream 
and then washed with Hank's medium (136.9 m M NaCl，5.4 m M KCl, 0.8 m M 
MgS04-7H20, 0.33 m M Na2HP04-7H20, 0.44 m M KH2PO4, 10 m M HEPES, and 5 
m M NaHC03, pH adjusted to 7.6). The livers were then rinsed with Hank's-EDTA 
(ImM) medium three times. Livers were transferred onto Petri dish and diced into 
small pieces by tissue chopper (Mcilwain Mic/1). Liver pieces were then washed with 
Hanks,-EDTA three times and incubated with Hank's-EDTA-collagenase (0.5 mg/mL 
type IV collagenase; Sigma Chemical Co) medium at 28。C for 60 minutes with 
gentle shaking. Then, Hank's-EDTA-collagenase medium was removed and liver 
pieces were dissociated in the Hanks'-EDTA and massaged through two cell strainers 
(70- and 40-|im mesh sizes; B D Falcon). Hepatocytes were collected by refrigerated 
centrifugation (4 °C) at 50 g for 5 minutes. After that, the cells were resuspended in 
Leibovitz-15 (L-15) medium (GIBCO). The viability of hepatocytes was determined 
by the exclusion of 0.5 % trypan blue before seeding the cells. Hepatocytes with the 
viability over 90 % were then seeded into 12-well culture plate (Nunc) at 1x10^ 
cell/mL. The cells were allowed to settle in incubator (SHELL L A B IR-24241) at 27 
。C overnight prior to treatment. 
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2.2.4.3. Cadmium treatment and cell harvest 
On the second day, the original L-15 medium was changed and the hepatocytes were 
treated with cadmium at the doses of 1000, 100, 10，1, 0.1 |ig Cd/L (cadmium chloride 
dissolved in L-15) and some hepatocytes served as control by replacing the original 
L-15 medium with fresh L-15 medium. The hepatocytes were allowed to expose to 
cadmium environment or L-15 medium for one day. 
After one day, the cells were harvested by removing the medium and adding TRI 
reagent (Molecular Research Center, Inc., USA). The cells were left at room 
temperature for 30 minutes for TRI reagent to lyse the cells and then the TRI reagent 
with lysed cells was stored in 70。C for later analysis. 
2.2.4.4. RNA extraction, reverse transcription for the first-strand cDNAs from 
total RNAs samples from lysed cells and real-time quantitative PCR of IGF-I 
mRNA expression 
Procedures of R N A extraction, reverse transcription and real-time quantitative PCR 
were exactly the same as those described in 2.2.2.7, 2.2.2.8 and 2.2.2.9 respectively. 
2.2.5. Statistical analysis 
All data are presented as mean 士 standard error of the mean (SEM) and were 
subjected to a one-way analysis of variance (ANOVA) to test for significance. 
Subsequent significance between groups was delineated by a Student-Newman-Kuels 
test (SigmaStat statistical software, Jandel Scientific). Statistical significance between 
groups was accepted at p<0.05. 
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2.3. Results 
2.3.1. Serum Cortisol level 
In experiments involving the exposure to waterbome cadmium, there was a tendency 
of elevation in serum Cortisol in the Cd-treated groups when compared with the 
control group. But, a significant increase of Cortisol level was only observed in the 
group exposed to 200 }ig Cd/L (about 6-fold) [Figure 2.1 (i)]. 
In the experiment involving injection of cadmium, both treatment groups (Cd 0.1 |ig/L 
and Cd 1.0 |Lig/L) had a higher concentration of serum Cortisol than that of control 
group by 7 to 10-fold but significance was only observed with the lower dose (Cd 0.1 
|ig/L) . The level of Cortisol in lower dose (CdO.l }ig/L) tended to greater then that of 
higher dose (Cd 1.0 |ig/L), but there was no significant difference between two 
treatment groups [Figure 2.1 (ii)]. 
2.3.2. Serum triiodothyronine level 
Similar results were observed in both waterbome and injection experiments. There 
was no significant difference in the serum triiodothyronine level among the 
Cd-treated and control groups in both experiments [Figure 2.2 (i) and Figure 2.2 (ii)]. 
But, in the injection experiment, the serum triiodothyronine level in the group that 
received the highest Cd dose (Cd 1.0 |ig/L) tended to decrease with no significant 
difference [Figure 2.2 (ii)]. 
2.3.3. Serum thyroxine level 
In the experiment involving exposure to waterbome cadmium, the serum thyroxine 
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level was not affected by Cd treatment [Figure 2.3 (i)]. 
In the injection experiment, there was also no significant difference among the 
Cd-treated and control groups. However, there was a tendency of elevation of 
thyroxine level in the group that received the highest dose (Cd 1.0 |Lig/L) [Figure 2.3 
2.3.4. Pituitary growth hormone level 
No significant difference in pituitary growth hormone level among the treated and 
control groups was found in the experiment involving waterborne Cd exposure 
[Figure 2.4 (i)]. 
There was a trend of reduction in the pituitary growth hormone level in the Cd-treated 
group when compared with that of control group. But, significant decrease in G H 
level was only observed with the higher dose (Cd 1.0 |ig/L) and it was about 60 % of 
the control group [Figure 2.4 (ii)]. 
2.3.5. Hepatic insulin-like growth factor mRNA expression 
2.3.5.1. In vivo experiments: 
For both of the in vivo experiments (waterborne and injection), there was no 
significant difference in the hepatic IGF-1 m R N A expression among the treated and 
control groups [Figute 2.5.1 (i) and Figure 2.5.1 (ii)]. But, in the injection experiment 
with the low dose (Cd 0.1 |ig/L), hepatic IGF-1 m R N A expression tended to increase 
by by 1.7-fold [Figure 2.5.1 (ii)]. 
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2.3.5.2. In vitro experiments: 
There was significant increase of IGF-1 m R N A expression when hepatocytes were 
exposed to a dose of 10 jig Cd/L. However, it was observed that there was a tendency 
of elevation in IGF-1 m R N A expression when the dose increased from 0.1 jig Cd/L to 
10 \ig Cd/L. IGF-1 m R N A expression started to decrease at doses of 100 and lOOOjig 
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Figure 2.1: Effect of in vivo exposure to cadmium on serum Cortisol level of silver sea 
bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd concentration at 50 jig 
Cd/L and Cd 200 refers to 200 [ig Cd/L，n = 5-6 (ii) intraperitoneal cadmium injection, 
Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 1.0 mg Cd/kg, n = 8-10; 
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Figure 2.2: Effect of in vivo exposure to cadmium on serum triiodothyronine level of 
silver sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd concentration at 
50 |ig Cd/L and Cd 200 refers to 200 \ig Cd/L, n = 6 (ii) intraperitoneal cadmium 
injection, Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 1.0 mg Cd/kg, n = 8-10; 
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Figure 2.3: Effect of in vivo exposure to cadmium on serum thyroxine level of silver 
sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd concentration at 50 |ig 
Cd/L and Cd 200 refers to 200 |ig Cd/L, n = 5-6 (ii) intraperitoneal cadmium injection, 
Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 1.0 mg Cd/kg, n = 8-10; 




140 a a 
- 1 2 0 a T T T 
二 100 ~ ~ 
〇 
80 : 




0 —— —— ‘—— 




I 100 - r h 
^ 80 - b 




control CdO.l Cd 1.0 
Treatment 
Figure 2.4: Effect of in vivo exposure to cadmium on pituitary growth hormone level 
of silver sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd concentration 
at 50 |ig Cd/L and Cd 200 refers to 200 |ig Cd/L, n = 5-6 (ii) intraperitoneal cadmium 
injection, Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 1.0 mg Cd/kg, n = 8-9; 
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Figure 2.5.1: Effect of in vivo exposure to cadmium on hepatic IGF-I m R N A 
expression of silver sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd 
concentration at 50 i^g Cd/L and Cd 200 refers to 200 [ig Cd/L, n = 10-12 (ii) 
intraperitoneal cadmium injection, Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 
1.0 mg Cd/kg, n = 9-10; Significant difference (p<0.05) between groups is illustrated 
in each figure by different letters. 
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hepatocyte cell culture, n = 7-11; Significant difference (p<0.05) between groups is 
illustrated by different letters. 
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2.4. Discussion 
2.4.1. Serum Cortisol level 
Exposure to cadmium increased serum Cortisol level, irrespective of the route of 
cadmium administration. The degree of induction was generally greater in the case of 
cadmium injection than that of exposure to waterbome cadmium. Cortisol is a stress 
indicator and so its elevation in Cd-treated fish in both experiments would indicate 
that the fish was under stress during cadmium challenge. 
There were other studies investigating the effect of cadmium on Cortisol level and 
similar results have been recorded (Chowdhurg et al., 2004; W u et al., 2007; Sures et 
al., 2006). Hontela et al. (1996) found that Cortisol level increased in rainbow trout 
following both acute (2-4 hour) and subacute (1 week) exposure of waterbome 
cadmium. Another study using tilapia has found that Cortisol level increased 5 hour 
after exposure to cadmium which then fell back to control level 15 days after 
cadmium exposure (Wu et al” 2007). However, no significant change of Cortisol level 
after exposure to cadmium has also been reported (Ricard et al., 1998; Weber et al” 
1992). 
Cortisol has been considered as an important hormone in maintaining physiological 
homeostasis during stressful conditions (Mommsen et al., 1999) and so it was induced 
when the sea bream was exposed to the stressor, cadmium. During exposure to 
waterbome cadmium, gill would be the primary target of Cd toxic actions because gill 
is one of the organs that are firstly in contact with Cd. Others studies have found that 
cadmium damages gill (Wu et al., 2007) and inhibits the uptake of calcium ions in gill 
(Wu et al” 2007; Hontela et al., 1996), finally resulting in osmo-ionic disturbance. Cd 
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inhibits Ca uptake by competing with Ca for the uptake sites (Matsuo et al., 2005), 
inhibiting the Ca^^-ATPase activity in gill (Wu et al., 2007) and blocking Ca^^ 
channels (Baldisserotto et al., 2004; Hontela et al., 1996)，hypocalcemia would be the 
consequence (Hontela et al” 1996). Cortisol is a hypercalcemic hormone, which has 
been found to increase the blood calcium level. The following mechanisms of Cortisol 
have been suggested for maintaining Ca^ "^  homeostasis: 1. stimulation of chloride cell 
proliferation (Wong and Wong, 2000), 2. increase in the activity of Ca^^-ATPase (Filk 
and Perry, 1989; Shahsavarani and Perry, 2006) and 3. increase in number of Ca^^ 
channels (Shahsavarani and Perry, 2006). 
Liver is another target for the toxic actions of Cd in which liver would be damaged 
during exposure to cadmium (both waterbome and injection). This may lead to 
disturbance in glucose homeostasis. Cortisol is important in regulating metabolism, so 
it has been suggested its induction may help in regulation of glucose metabolism 
during Cd stress (Hontela et al., 1996). Moreover, it is widely known that cadmium 
can damage many different organs, e.g. gill, kidney and liver. The induction of 
Cortisol may promote the mobilization of protein and carbohydrate to supply energy 
for repair processes during the stress (Chowdhurg and Wood, 2004; Ricard et al., 
1998). 
Cortisol can stimulate the synthesis of metallothioneins (Dang et al., 2001). M T is an 
important component in defending against the toxic effects of cadmium. 
M y current results on serum Cortisol are consistent with the general findings, i.e. acute 
exposure of cadmium would result in elevation of Cortisol level. Cadmium resulted in 
significant increase in Cortisol level of fish exposed to waterbome Cd at higher dose 
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and Cd injection at lower dose. For the higher dose of Cd injection, Cortisol level 
tended to increase without significance, this may suggest suppression of the interrenal 
at this high Cd dose leading to failure in further increasing the level of Cortisol. Some 
researchers observed that plasma Cortisol level would decrease in most cases of 
chronic Cd exposure (Lacroix and Hontela, 2004) which may be due to cadmium 
acting as an endocrine disrupter. Cd can depress the hypothalamus-pituitary-
interrenal axis (HPI axis) and compromise the secretion of Cortisol (Raynal et al., 
2005), and cadmium may act on the pituitary to disrupt steroidogenesis (Tilton et al., 
2003). Cd also acts on the interrenal directly to interrupt the signalling pathways of 
Cortisol synthesis (Lacroix and Hontela, 2006). 
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2.4.2. Thyroid hormones 
There were very limited findings about the effect of cadmium on thyroid functions in 
fish but quite extensively studied in the rodent models (Gupta and Kar, 1997; Gupta 
and Kar, 1998; Paier et al., 1993). M y recent results are not in good agreement with 
their findings. In m y investigation, there was no significant change of thyroid 
hormones (thyroxine and triiodothyronine) during the cadmium challenge from either 
waterbome or injection administration. In the waterbome-cadmium treatment, serum 
T4 and T3 levels were not affected by exposure to Cd while the serum T4 level trended 
to increase and the serum T3 level tended to decrease at the higher injected dose (1.0 
mg Cd/kg). 
To summarize the findings of Cd in relation to thyoid function in the mouse model, 
cadmium generally depresses thyoid functions with decreasing circulating thyroxine 
and triiodothyronine levels (Pavia Jr et al., 1997; Chaurasia et al., 1996; Gupta and 
Kar, 1997; Gupta and Kar, 1998) and the underlying mechanisms of suppression have 
been investigated. Since the thyroid gland is the only organ producing T4, cadmium 
has been suggested to inhibit the synthesis of T4 at the glandular level (Gupta and Kar, 
1997; Cunha and van Ravenzwaay, 2005). Toxicity possibly acts through the 
accumulation of Cd in the mitochondria of the thyroid follicular epithelial cells 
leading to the disturbance of oxidative phosphorylation. Consequently, T4 synthesis is 
suppressed as a result of energy inadequacy (Cunha and van Ravenzwaay, 2005; 
Yoshizuka et al., 1991). 
Reduction of plasma T3 level by cadmium has been found to be related to the 
inhibition of T4 deiodination which is carried out by 5‘-monodeiodinase (5'-D) 
(Gupta and Kar, 1997). It is found that the activity of 5，-D decreased along with 
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reduction of plasma T4 and T3 levels (Gupta and Kar, 1997; Gupta and Kar, 1998; 
Chaurasia et al.’ 1996). One of the possible reasons for the inhibition of 5'-D activity 
is due to the oxidative stress of Cd. Cd was found to give rise to free radicals which 
then induce lipid peroxidation (LPO) to disturb the integrity of cell membrane. As 
5，-D is a membrane-bound enzyme, the disruption of membrane structure may then 
affect its activity (Gupta et al., 1997; Chaurasia et al； 1996). Secondly, Cd may 
inhibit 5'-D activity through its strong binding to free sulfhydryl (SH) groups which 
are essential for the enzymatic function of 5'-D (SH-dependent enzyme) (Gupta et al., 
1997; Chaurasia et al., 1996; Paier et al., 1993). 
From the research carried on fish, it seems that the effects of cadmium on the level of 
thyroid hormones were less consistent than that of mouse model. Some concluded that 
cadmium depressed thyroid functions in fish. Scherer et al. (1997) demonstrated a 
significant decrease in the epithelial cell height of thyroid follicle (as an indicator of 
the thyroid follicle activity) when lake trout were exposed to waterbome cadmium at 
5 |ig Cd/1 for 6 and 9 months. Ricard et al. (1998) have found that a trend of reduction 
in plasma T3 and T4 levels when adult rainbow trout were exposed to waterbome 
cadmium at 10 and 25 |ig Cd/L for 30 days. From my results on waterbome Cd 
treatment, both serum T4 and T3 levels were not altered by Cd exposure. This may be 
due to difference in duration of exposure as the time period was 4 days in my study 
and it was relatively short when compared with other studies (Scherer et al” 1997; 
Ricard et al., 1998). The duration of exposure is one of the important factors affecting 
the response of thyroid hormones to Cd (Hontela et al” 1996). Moreover, in another 
research by Hontela et al. (1996), they also found that T3 level was not affected when 
juvenile rainbow trout was exposed to 400’ 800 and 2400 jig Cd/L for 24 hours (acute 
exposure) and 400 and 800 [ig Cd/L for one week (subacute exposure). 
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For the injection experiment, serum T4 tended to increase at the higher dose (1.0 mg 
Cd/kg) and this seems to agree with the findings of Hontela et al. (1996). They found 
that plasma T4 level increased when trout were exposed to Cd for 24 hours and then it 
decreased after exposure to Cd for one week. Both plasma T4 and Cortisol levels 
increased and it was suggested that they had similar patterns of change during acute 
Cd exposure. This similar pattern also occurs in other physiological conditions like 
smoltification and exposure to contaminants. Cd was found to inhibit the activity of 
Na+,K+-ATPase (Lionetto et al., 2000). T4 acts synergistically with Cortisol and so 
may promote Na+,K+-ATPase activity against Cd challenge (Shrimpton and 
McCormick, 1998). Similarly, m y present data showed that Cortisol level also 
increased when Cd exposure and T3 level tended to decrease at the higher dose (1.0 
mg Cd/kg). Reduction of T3 in response to cadmium seems to be a general effect of 
Cd on T3 level. The mechanisms for T3 depression in fish may be similar to those 
observed in mouse models, i.e. disruption of cell membrane and binding to SH groups. 
However, the decrease in T3 level observed in the present experiments is insignificant, 
this may be accounted for by species differences. More research on cadmium-induced 
thyroid toxicity would be needed to further clarify the situations in fish. 
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2.4.3. Growth hormone 
There is a general scarcity of studies about the effects of cadmium on the 
endocrinology of growth hormone in fish. The current project aims to study how 
pituitary growth hormone levels change in response to cadmium exposure. 
Cadmium has been regarded as an endocrine disrupter because of its toxic effects on 
the endocrine system in different animal models (Vetillard and Bailhache, 2005; Han 
et al., 2007; Henson and Chedrese, 2004; Lafuente and Esquifino, 1999). For example, 
it is observed that the reproductive and thyroid systems are targets of cadmium with 
disruptions of corresponding hormonal regulations (Lafuente et al., 2000; Foran et al., 
2002; Ricard et al., 1998; Gupta and Kar, 1998). However, the harmful effects of Cd 
on other endocrine systems are relatively limited, one example is the target of my 
project, growth hormone, that is related to the GH-IGF-l-axis in the fish. G H is 
important for growth and development of fish and also it is involved in many different 
physiological activities, e.g. osmoregulation (Bjomsson, 1997; Sakamoto and 
McCormick, 2006). 
In the present study, the pituitary G H level of fish exposed to waterbome Cd was not 
changed. In contrast, the pituitary G H level of the fish being injected with higher Cd 
dose (1.0 mg Cd/kg) was significantly reduced when compared with the control group. 
This implied that cadmium exerted an inhibitory effect on the G H production in the 
pituitary. 
By using rodent models, some researchers have conducted experiments about the 
effects of Cd on the endocrinology of growth hormone. Most of them have found that 
plasma level of G H decreased in the rats with Cd administration (Alvarez et al., 1996; 
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Lafuente et al., 2003; Lafuente and Esquifmo, 1999; Calderoni et al., 2005). No 
significant change in the plasma G H level in response to Cd has also been reported 
(Turgut et al., 2005). The difference among those results may be explained by the 
differences in dose applied, experimental conditions, duration of treatment and animal 
species. Besides GH, some other pituitary hormones were also investigated to observe 
the effects of Cd, e.g. prolactin and ACTH. Similarly, Cd also reduced their plasma 
levels (Alvarez et al., 1996; Lafuente et al., 2003), and Lafuente et al. (2003) showed 
that Cd affects the secretion of those pituitary hormones according to the dose used, 
i.e. different pituitary hormones were inhibited at different dosage of Cd. 
The underlying mechanisms of Cd in altering the secretion of G H are still not clear, 
but there are some proposed mechanisms. One of the possible mechanisms is that Cd 
acts on the hypothalamus. Cd may change the hypothalamic neuromodulators which 
in turn affect the secretion of pituitary G H (Han et al., 2007; Lafuente et al., 2003). In 
addition, Cd may alter other substances secreted by hypothalamus, e.g. amino acids, 
biogenic amines and neuropeptides and all these substances are related to G H 
secretion (Lafuente and Esquifmo, 1999). 
Another mechanism by which Cd may act is through direct actions on the pituitary. 
Cd is found to be cytotoxic to the pituitary cells and induces apoptosis (Poliandri et al” 
2003) Cd exerts oxidative stress to the pituitary cells by generating the reactive 
oxygen species (ROS) and finally leads to apoptosis (Poliandri et al., 2006b). 
In my project, the effects of Cd on the endocrinology of G H were assessed through 
measuring the change in the pituitary level of G H instead of the plasma level. And so 
it is more related to the synthesis of G H than its secretion, and these studies are scarce 
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in fish. From m y results, cadmium is suggested to have a suppression effect on the 
pituitary level of GH. A previous study has shown that cadmium exposure led to 
pituitary necrosis in a variety of vertebrate species (Hinkle et al” 1987). Pituitary 
necrosis may be one of the possible mechanisms that lead to reduction of the pituitary 
growth hormone level. Moreover, apoptosis in anterior pituitary induced by cadmium 
may also be the reason (Poliandri et al., 2006b). Another probable mechanism may be 
related to transcriptional regulation of growth hormone. It has been reported that 
transcriptional activity of estrogen receptors of rainbow trout, Oncorhynchus my kiss 
was inhibited by cadmium and estrogen regulated pathways may be suppressed (Le 
Guevel et al., 2000). Since the rainbow trout growth hormone genes contain 
functional estrogen response elements in the promoter regions, rainbow trout growth 
hormone genes may then be depressed (Jones et al., 2001). Since the related studies 
are scarce, more researches should be done in order to elucidate the underlying 
mechanisms. 
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2.4.4. Insulin-like growth factor-I 
In the present experiments, waterbome cadmium had no effect on the m R N A 
expression of hepatic IGF-I. While for the Cd injection experiment, there was also no 
significant change in the hepatic IGF-I m R N A expression in response to the cadmium 
but at the lower dose, the IGF-I expression tended to increase. Also, there was a trend 
of elevation in the IGF-I m R N A expression of hepatocytes in the in vitro part of the 
experiment, significant increase of the expression occurred at a dose of 10 ug Cd/L. 
Therefore, it seems that there is an agreement between the in vivo and in vitro 
experiment of Cd treatment regarding IGF-I expression. 
A study was carried out to investigate the effect of Cd on the plasma level of IGF-I in 
rats. Cd administration resulted in decreased level of IGF-I without explanation of the 
possible mechanisms behind (Turgut et al., 2005). This is not in agreement with my 
findings, the reasons may be explained by differences in animal species, the route of 
Cd administration and the Cd dosage uesd. Moreover, in m y project, I have studied 
the hepatic level of IGF-I instead. Liver is the main site for IGF-I production and so it 
acts as the main source for the circulating IGF-I in plasma (Moriyama et al., 2000). 
Therefore investigation on the hepatic m R N A expression may reflect the situation of 
plasma level of IGF-I. 
There is inadequate research on the effect of Cd on IGF-I. Cadmium produces 
oxidative stress in cells via the generation of reactive oxygen species (ROS) (Pulido 
and Parrish, 2003; Poliandri et al., 2006a; Waalkes, 2003), which may be one of the 
possible reasons to explain the induction of IGF-I expression. IGF-I has been 
suggested to act as an antioxidant (Garci'a-Femandez et al., 2005; Rahman and Soory, 
2006). Garcia-Femandez et al. (2005) have found that exogenous IGF-I has a 
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hepatoprotective effect in experimental liver cirrhosis with reduction in parameters 
related to oxidative damage to liver in rat models, and suggested that IGF-I has an 
antioxidant effect to act against oxidative stress in liver. Similarly, some in vitro 
studies have concluded that IGF-I acts as an antioxidant and protects cells (e.g. 
fibroblasts and chondrocytes) against oxidative stress (Rahman and Soory, 2006; 
Jallali et al., 2007). However, some studies have failed to show an antioxidant effect 
of IGF-I (Eisner et al” 2006; Carlo and Loeser, 2003). 
In the in vivo part of the experiment, it is expected that the IGF-I m R N A expression 
would fall at the higher injected dose of Cd along with the decrease in pituitary G H 
level since IGF-I forms a somatotropic axis with GH. However, this expectation was 
not observed. Therefore, it may suggest that under Cd stress, IGF-I expression may 
not correlate well with the G H level and some other factors may affect its expression. 
There was a trend of increase in IGF-I expression at the lower dose of Cd injection. 
This may be explained by the possible protective actions of IGF-I against Cd 
challenge. Liver is one of the organs accumulating Cd in the fish body and so it is 
expected that liver is under the Cd-induced toxic effects. Oxidative stress is one of the 
toxic effects of Cd on cells as stated before. So, the increase in the hepatic IGF-I 
m R N A level would be a protective measure to deal with the oxidative damage in liver. 
In this situation, IGF-I may act as an antioxidant in the same way as reported in other 
studies (Garda-Femandez et al” 2005; Rahman and Soory, 2006). 
In the in vitro part, a significant increase in IGF-I m R N A expression may also be 
accounted for in the same way as in the in vivo study, i.e. IGF-I acts as an antioxidant 
to protect against the oxidation induced by cadmium. In view of the results of the in 
vitro study, the induction of IGF-I in liver in response to Cd may be a direct, local 
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response. That is Cd can directly induce IGF-I without a signal from outside of the 
liver. 
Moreover, another study showed that IGF-I administration increased the circulating 
IGF-I level and then reduced the systemic oxidative stress (Sukhanov et al., 2007). 
Therefore, with higher hepatic IGF-I m R N A expression, it is expected that the 
circulating IGF-I level would increase and this may protect other peripheral tissues 
from the oxidative stress by Cd. Moreover, IGF-I is suggested to be important in 
inhibition of apoptosis (Kondo et al., 2002; Rahman and Soory, 2006). So, the 
induction of IGF-I may take a role in inhibition of Cd-induced apoptosis. 
69 
2.5. Conclusion 
As an endocrine disrupter, it is expected that cadmium exerts a negative effect on the 
endocrine system on the silver sea bream {Sparus sarba). The findings of the present 
study have indicated that Cd exposure resulted in alterations of the hormonal status in 
silver sea bream. With the same Cd dose and exposure duration, different hormones 
responded in quite different ways, some showed obvious increase or decrease while 
some hormones are not affected by Cd treatment. 
Generally, it is found that serum Cortisol level and hepatic IGF-I expression were 
increased following Cd exposure. The increase of serum Cortisol level can serve as a 
stress indicator and its induction may be vital for the fish to elicit the protective 
mechanisms during Cd-induced stress. For the induction of IGF-I in the in vitro study, 
it is suggested that this is a possible protection against the oxidative stress generated 
by Cd. 
Serum T3 and T4 levels have no significant changes in the in vivo experiments, it may 
be concluded that THs were not responsive to the Cd challenge at this particular doses 
and exposure duration. But some trends may also be discerned, e.g. T4 tended to 
increase at high dose of Cd injection while the T3 level tended to decrease. 
Cd exposure led to reduction in the pituitary G H level, the reason behind is not clear 
and it may be due to Cd-induced damage in the pituitary gland. The reduction in 
pituitary level may lead to poor fish growth and development. 
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Chapter 3: Effects of cadmium exposure on MT and 
G6PDH mRNA 




Cadmium is a non-essential and toxic metal, accumulation of which leads to organ 
damage and tissue dysfunction (Jones et al., 2001). To counteract the 
cadmium-induced harmful effects, animals including fish have developed some 
protective systems. 
One of the most well-known defenses is the induction of metallothioneins. This kind 
of metalloprotein is found to be highly inducible in the presence of metals (Dumam 
and Palmiter, 1981; D u m a m and Palmiter, 1984). There are extensive studies on the 
effect of Cd on the M T expression in fish including the turbot (George et al., 1996), 
carp (Smet et aL, 2001)，goldfish (Choi et al., 2007)，sole (Rovira et al., 2005), 
zebrafish (Chen et al., 2007)，rainbow trout (Lange et al., 2002) and tilapia (Wu et al., 
1999). M T expression is increased in response to Cd treatments and more M T is 
synthesized to bind with the Cd ions, allowing for lowering the intracellular level of 
free Cd^^ ion and preventing damage to cell components, e.g. D N A and protein 
(Risso-de Favemey et al., 2001; Lange et al., 2002). 
Cadmium leads to the induction of M T since it can activate the binding of metal 
responsive element-binding transcription factor-1 (MTF-1) to the metal response 
elements (MREs) in the promoter region of mt gene to up-regulate its transcription 
(Chen et al., 2007; Wimmer et al., 2005). Beside heavy metals, there are a variety of 
stresses that can induce the M T production, e.g. oxidative stress, microbial infection 
and physical trauma (Davis and Cousins, 2000). 
Glucose-6-phosphate dehydrogenase (G6PDH) is the first and rate-limiting enzyme in 
the pentose phosphate pathway (PPP). It generates N A D P H and ribose-5-phosphate 
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(R5P) and so makes it to be important in the synthesis of various substances, e.g. lipid, 
protein and nucleic acid (Gomez-Milan and Lozano, 2007; Kan et al., 1988; Slenzka 
et al” 1995). G6PDH is long been considered as crucial for cell growth because of its 
importance for biosynthesis. And recently, research on G6PDH has started to focus on 
its other function, i.e. involvement in the antioxidant system due to its production of 
N A D P H (Salvemini et al., 1999; Ursini et al, 1997; Zirong and Shijun, 2007). 
Cadmium is found to generate ROS which leads to oxidative stress in cells. Some 
studies have investigated the effect of cadmium and other oxidants on G6PDH 
activity and m R N A expression (Zirong and Shjun, 2007; Pierron et al., 2007). 
The objectives of the present study are to investigate the effect of cadmium on M T 
and G6PDH m R N A expression. The mt gene of silver sea bream {Sparus sarba) will 
be characterized for subsequent quantitative study on changes in its m R N A level in 
response to the Cd challenge. The present study is the first to report on changes in 
G6PDH m R N A expression in fish upon in vitro exposure to Cd. 
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3.2. Materials and methods 
3.2.1. Overall experimental design 
This chapter aims to investigate the m R N A expression of M T and G 6 P D H of the 
silver sea bream in response to cadmium exposure. The experiments were performed 
both under in vivo and in vitro conditions. In the in vivo experimetns, fish were either 
exposed to waterbome Cd or intraperitoneally injected with Cd. For the in vitro 
experiments, cultured hepatocytes of silver sea bream were exposed to Cd. 
3.2.2. In vivo experiments involving exposure to waterbome cadmium 
3.2.2.1. Experimental animals 
The details were described previously in 2.2.2.1. 
3.2.2.2. Adaptation 
Procedures of adaptation were exactly the same as those described in 2.2.2.2. 
3.2.2.3. Tissue sampling 
Procedures of tissue sampling were exactly the same as those described in 2.2.2.3. 
3.2.2.4. RNA extraction 
The gill filaments and hepatic tissues of the experimental fish were homogenized in 
500 jil of TRI reagent (Molecular Research Center, Inc., USA) for 20sec using a rotor 
stator homogenizer (Heidolph DIAX 900) and then incubated for 10 minutes at room 
temperature. And then the procedures were exactly the same as those described in 
2.2.2.7. 
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3.2.2.5. Reverse transcription for first-strand cDNAs from total RNAs samples 
from gill and liver 
For first-strand complementary D N A synthesis, 3 ^ ig of total R N A from gill or liver 
tissues was used in the reverse transcription as template. And then procedures of 
reverse transcription were exactly the same as those described in 2.2.2.8. 
3.2.2.6. Amplification of partial fragments of metallothionein (MT) 
One sense primer (SI: 5'- G C G A G T G C T C T A A G A C T G G A -3') and one antisense 
primer (ASl: 5，- A C T G G C A G C A G C T A G T G T C G -3,) were designed based on the 
nucleotide sequence of gilthead seabream M T m R N A , c D N A (GenBank Accession 
number: U58774) in the regions of high conservation after alignment with other 
known M T c D N A sequences of fish species (zebrafish, AY514790 and N M 131075; 
goldfish, S75039; gudgeon, AY953546; Atlantic salmon, X97274). Then this pair of 
primer (200 nM) was used in PCR in a 20 |il reaction mixture containing Ix PCR 
buffer, 2.5 m M M g C h (both from the Department of Biochemistry, the Chinese 
University of Hong Kong), 0.2 m M deoxynucleotide triphosphates (dNTPs; Promega; 
Madison, USA), 0.8 |il of first strand cDNA as the template and 4 U of Taq D N A 
polymerase (the Department of Biochemistry, the Chinese University of Hong Kong). 
PCR was performed in TaKaRa PCR thermal cycler and the conditions were (1) 
denaturation at 94 °C for 5 minutes; (2) 30 cycles of denaturation at 94 °C for 30 
seconds, annealing at 63 °C for 30 seconds, extension at 72。C for 30 seconds; and (3) 
final extension at 72。C for 10 minutes. The PCR product was size-fractionated by 
electrophoresis in 1 % agarose gel and visualized by ethidium bromide staining. A 
discrete 171 bp PCR product was obtained and used for later D N A sequencing. 
Subcloning and sequencing of the PCR product 
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The PCR product was subcloned into the plasmid vector (pCR®4-T0P0®) by TA 
cloning using T O P O TA Cloning® Kit for Sequencing (Invitrogen, HK). The ligated 
products were then transformed into TOP 10 E. coli cells by heat shock and the 
transformed bacterial cells were allowed to grow on agar plates overnight for colony 
formation. Ampicillin was added into the agar plate at the concentration of 50 |ig/ml 
for screening for the colonies containing the recombinant plasmids that confer 
antibiotic resistance. Further screening was performed by checking the size of PCR 
product of the colonies using the primers (SI and ASl). The selected colonies were 
then cultured in LB medium with 100 |ig/ml ampicillin overnight and plasmid D N A 
was then extracted using Nucleospin® Ready-to-use system for fast purification of 
nucleic acids (Macherey-Nagel, Diiren, Germany). 
After isolation of plasmid D N A , nucleotide sequencing was performed by a 
commercial company, Genome Research Centre, the University of Hong Kong, using 
the M l 3 Forward Primer with the following sequence, 5' -
G T A A A A C G A C G G C C A G - 3,. 
3.2.2.7. Rapid amplification of 5' and 3' cDNA ends of metallothionein (MT) 
3.2.2.7.1. Amplification of 5' cDNA end 
Antisense primer (5,LP: 5' - T G C A G G A G C A G T T A G T G C A T - 3') was designed 
based on the 171 bp sequence of the product for 5' RACE. Amplification of 5' cDNA 
end was conducted using a 5' R A C E System for Rapid Amplification of cDNA Ends, 
Version 2.0 (Invitrogen). 3 jig of total R N A from gill tissue was used in the reverse 
transcription as template. Firstly, Amplification grade DNase I (Invitrogen, HK) in IX 
DNase I reaction buffer was added to the total R N A sample and incubated at room 
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temperature for 15 minutes to digest genomic D N A that may be present as 
contaminant. After that, 1 25 m M EDTA was added to the mixture and incubated at 
65。C for 15 minutes to stop the action of DNase 1. Then, 1 |li1 of 2.5 juM primer ASl 
was added and incubated at 70。C for 10 minutes to denature the secondary structure 
of m R N A template, which was followed by chilling on ice immediately for 5 minutes. 
A volume of 6 jil reaction mixture (1 M - M L V RT (Moloney Murine Leukemia 
Virus Reverse Transcriptase, activity is 200U/jil) (Promega, Madison, USA), 4 fil 
M - M L V 5X reaction buffer (Promega, Madison, USA) and 1 jil lOmM dNTP mix 
(Promega, Madison, USA) were added to the mixture of R N A sample and oligo(dT) 
and incubated at 42 °C for 2 hours. The RT reaction was stopped by incubating the 
reaction mixture at 70。C for 15 minutes. 
The RT product was then purified by the NucleoTrap® Nucleic Acid Purification Kits 
(BD Biosciences; Palo Alto, CA) with the protocol of Concentration/Desalination of 
D N A Fragments as outlined in the user manual. Briefly, 12 \i\ RT product was added 
to 48 j^l NT2, then 15 jil of Nucleotrap suspension was added for D N A binding for 10 
minutes at room temperature with periodic vortexing. The suspension was centrifuged 
at 10000 X g for 30 seconds to collect the pellet and the supernatant was discarded. 
The pellet was washed with 500 jil of a mixture of NT3 and absolute ethanol (the ratio 
of NT3 to absolute ethanol, 1:4) and then centrifuged at 10000 x g for 30 seconds. 
Then the supernatant was removed completely and the pellet was air-dried. D N A was 
eluted using 20 \x\ ultra pure water and then centrifuged at 10000 x g for 30 seconds. 
After, 16.5 |il of D N A sample was added to 5 \i\ of TdT buffer and 2.5 jil of 2 m M 
dCTP for denaturation at 94。C for 3 minutes. The reaction mixture was then chilled 
on ice for 1 minute. Finally, 1 |il of TdT was added, transferase activity was allowed 
to proceed at 37。C for 10 minutes and then inactivated at 65 °C for 10 minutes. 
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The tailed c D N A products were then used as the template for P C R amplification in a 
20 1^1 reaction volume using 200 [lM of the primer ASl and the Abridged Anchor 
Primer (5 ’-GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG-3 ’) 
complementary to the dC-tail together with the same amount of P C R buffer, MgCl�， 
dNTPs and Taq D N A polymerase as described previously. P C R conditions were: (1) 
denaturation at 94。C for 5 minutes; (2) 30 cycles of denaturation at 94。C for 30 
seconds, annealing at 55。C for 30 seconds, extension at 72。C for 1 minute; and (3) 
final extension at 72。C for 10 min. The round PCR products were used as the 
template for round PCR using the primer 5, LP 
(5'-TGCAGGAGCAGTTAGTGCAT-3') and the Abridge Universal Amplification 
Primer (AUAP, 5 '-GGCCACGCGTCGACTAGTAC-3') with the condition as 
round PCR to obtain distinct PCR bands. These PCR products were visualized by 
ethidium bromide staining in agarose gel, subcloned into the plasmid vector 
(pCR®4-T0P0®) and sequenced as described in the preceding sections. 
3.2.2.7.2. Amplification of 3’ cDNA end 
The sense primer, SI, was used in amplification of 3’ cD N A end with a 3' R A C E 
System for Rapid Amplification of cDNA Ends, Version E (Invitrogen). 3 |ig of total 
R N A from gill tissue was used in the reverse transcription as template and then the 
following procedure was the same as the RT in the amplification of 5' c D N A end with 
only one modification, i.e. 1|li1 of 2.5 |liM primer ASL was substituted by 1 j^L of 100 
u M the oligo(dT) adaptor primer 5'- G G C C A C G C G T C G A C T A G T A C (T)i7 -3'. The 
first strand cDNA synthesized was used as the template for PCR using the S1 primer 
and the Abridge Universal Amplification Primer (AUAP, 
5,-GGCCACGCGTCGACTAGTAC-3，). PCR conditions were: (1) denaturation at 94 
°C for 5 minutes; (2) 30 cycles of denaturation at 94 °C for 30 seconds, annealing at 
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55 °C for 30 seconds, extension at 72。C for 1 minute; and (3) final extension at 72。C 
for 10 min. The round PGR products were diluted 10-fold and used as the template 
for round P C R using the same primers and condition as round PCR to obtain 
distinct PCR bands. These PCR products were visualized by ethidium bromide 
staining in agarose gel, subcloned into the plasmid vector (pCR®4-T0P0®) and 
sequenced as described in the preceding sections. 
3.2.2.8. Real-time quantitative PCR of MT and G6PDH mRNA expressions 
The m R N A expressions of M T and G6PDH were determined by real-time quantitative 
PCR (Bio-Rad iQ5 system). Each of the 30 |il D N A amplification reaction mixture 
contains 15 i Q ™ SYBR® Green Supermix (Biorad; Hercules, CA), 0.3 [i\ of sense 
primer (200 n M concentration), 0.3 |il antisense primer ( 200 n M concentration), 4.4 
|il PCR water and 10 lil c D N A template. Amplification of an 18S rRNA fragment 
(GenBank Accession number: EF494673) was used as a normalization control for the 
expression data. The primers used in the real-time quantitative PCR were of the 
following sequences: 
MT: 5, - G C G A G T G C T C T A A G A C T G G A -3 ’ (sense) 
5'- A C T G G C A G C A G C T A G T G T C G -3, (antisense) 
G6PDH: 5’ - T C T T T G G A C C C A T C T G G A A C - 3, (sense) 
5' - A A G C A A C A G G G G C A A T A C A C - 3' (antisense) 
(GenBank Accession number: AY754640) 
18S: 5' - C T T G G A T G T G G T A G C C G T T T - 3，(sense) 
5' - G G A T G C G T G C A T T T A T C A G A - 3, (antisense) 
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The PCR reaction conditions for G6PDH and 18S were as follows: one cycle at 95 °C 
for 4 minutes, 40 cycles at 95。C for 30 seconds (denaturation), 60。C for 30 seconds 
(annealing), 72。C for 40 seconds (extension) and 84 °C (elimination of primer dimer) 
for 7 seconds. The P C R reaction conditions for M T were as follows: one cycle at 95 
°C for 4 minutes, 40 cycles at 95 °C for 30 seconds (denaturation), 63 °C for 30 
seconds (annealing), 72。C for 40 seconds (extension) and 84。C (elimination of 
primer dimer) for 7 seconds. Fluorescent data were collected at 84 °C. Standards for 
each gene were prepared to construct the standard curve for calculation of the amount 
of target genes. The details were as follows: the D N A fragment of each target gene 
was made by PCR and then the PCR product was purified by NucleoTrap Nucleic 
Acid Purification Kits (BD Biosciences; Palo Alto, CA) following the instruction of 
the Gel Extraction Protocol in the user manual. The concentration of D N A fragment 
was then quantified by comparing with the lOObp D N A Ladder (TAKARA BIO INC; 
Japan) using densitometry. The D N A fragment was diluted by serial dilution to give 
the range from 10^ to 10^ copies of D N A fragment in a 30 jil reaction mixture. A 
blank control was performed without the presence of template for checking possible 
contamination. The abundance of M T and G6PDH gene transcripts were normalized 
to 18S abundance for each sample. 
3.2.3. In vivo injection of cadmium 
3.2.3.1. Experimental animals, adaptation and tissue sampling 
The details and procedures of experimental animals, adaptation and tissue sampling 
were described previously in 2.2.3.1., 2.2.3.2. and 2.2.3.3. respectively. 
3.2.3.2. RNA extraction 
The gill filaments and hepatic tissues of the experimental fish were homogenized in 
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500 |il of TRI reagent (Molecular Research Center, Inc., USA) for 20sec using a rotor 
stator homogenizer (Heidolph DIAX 900) and then incubated for 10 minutes at room 
temperature. All subsequent procedures were the same as those described in 2.2.2.7. 
3.2.3.3. Reverse transcription for first-strand cDNAs from total RNAs samples 
from gill and liver 
For first-strand complementary D N A synthesis, 3 jig of total R N A from gill or liver 
tissues was used in the reverse transcription as template. All subsequent procedures of 
reverse transcription were the same as those described in 2.2.2.8. 
3.2.3.4. Real-time quantitative PCR of MT and G6PDH mRNA expression 
Procedures of real-time quantitative PCR were exactly the same as those described in 
3.2.2.8. 
3.2.4. In vitro exposure of primary hepatocyte culture to cadmium 
3.2.4.1. Experimental animals 
The experimental animal was silver sea bream {Sparus sarba) and the details were the 
same as in 1.1. 
3.2.4.2. Preparation of the hepatocytes for cell culture 
Procedures of hepatocytes preparation were exactly the same as those described in 
2.2.4.2. 
3.2.4.3. Cadmium treatment and cell harvest 
Procedures of cadmium treatment and cell harvest were exactly the same as those 
described in 2.2.4.3. 
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3.2.4.4. RNA extraction, reverse transcription for first-strand cDNAs from total 
RNAs samples from lysed cells and real-time quantitative PCR of MT and 
G6PDH mRNA expression 
Procedures of R N A extraction, reverse transcription and real-time quantitative PCR 
were exactly the same as those described in 2.2.2.7, 2.2.2.8 and 3.2.2.8. respectively. 
3.2.5. Statistical analysis 
All data are presented as mean 士 standard error of the mean (SEM) and were 
subjected to a one-way analysis of variance (ANOVA) to test for significance. 
Subsequent significance between groups was delineated by a Student-Newman-Kuels 
test (SigmaStat statistical software, Jandel Scientific). Statistical significance between 
groups was accepted at p<0.05. 
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3.3. Results 
3.3.1. MT cloning and characterization 
The silver sea bream M T open reading frame was 183 bp in length coding for a 
protein of 60 amino acids and a terminal stop codon [Figure 3.1]. 
3.3.2. Metallothionein mRNA expression 
3.3.2.1. In vivo part: 
3.3.2.1.1. Gill MT mRNA expression 
In the waterbome cadmium exposure experiment, M T m R N A expression in gill was 
induced significantly by exposure to cadmium. For fish exposed to50 \xg Cd/L, M T 
m R N A was approximately 6-fold of that of control while it was 18-fold of those 
exposed to 200 ^ g Cd/L [Figure 3.2 (i):. 
In the injection experiment, there was a trend of increase of the M T m R N A 
expression in response to Cd. For the group injected with 0.1 m g Cd/kg, the M T 
m R N A level tended to increase by 7-fold while in the group injected with 1.0 mg 
Cd/kg, there was a significant increase by 55-fold [Figure 3.2 (ii)]. The induction of 
M T was greater in the injection experiment than that of waterbome Cd exposure 
experiment [Figure 3.2 (i) and Figure 3.2 (ii)]. 
3.3.2.1.2. Hepatic MT mRNA expression 
For the waterbome Cd exposure experiment, only the higher dose (Cd 200 |ig/L) has 
resulted in significantly higher hepatic M T m R N A expression [Figure 3.3 (i)]. 
For the injection experiment, there was a general rise in M T m R N A level when the 
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dose of Cd increased. M T m R N A level increased significantly by 4-fold and 11-fold 
respectively in the graph [Figure 3.3 (ii)]. 
3.3.2.2. In vitro part: 
There was a trend of elevation in M T m R N A expression in hepatocytes exposed to 0.1 
[ig Cd/L to 100 jag Cd/L. However, significant increase of M T m R N A expression was 
only observed at the dose of 100 |j,g Cd/L. At dose of 1000 |Lig Cd/L, M T m R N A 
expression tended to decrease [Figure 3.4]. 
3.3.3. Hepatic glucose-6-phosphate dehydrogenase mRNA expression 
3.3.3.1. In vivo: 
There was no significant difference in the hepatic G6PDH m R N A expression between 
the treated and control groups in the waterbome Cd exposure experiment. However, 
the G6PDH m R N A level of the group exposed to 200 |ig Cd/L tended to increase 
[Figure 3.5 (i):. 
For the injection experiment, a significant increase in G6PDH m R N A level was found 
in fish injected with the lower dose of cadmium (by about 2.5-fold). Despite no 
statistical difference, the G6PDH m R N A level in fish injected with the higher dose of 
Cd tended to increase [Figure 3.5 (ii)]. 
3.3.3.2. In vitro part: 
There was a tendency of elevation in G6PDH m R N A expression in hepatocytes when 
the dose was increased from 0.1 |ig Cd/L to 10 jug Cd/L. However, significant 
increase was only found at the dose of 10 jig Cd/L (about 2-fold). G6PDH m R N A 




1- M D P C E C S K T G T C 
ATG GAC CCT TGC GAG TGC TCT AAG ACT GGA ACC TGC -105 
13- N C G G S C T C T N C S 
AAC TGC GGA GGA TCC TGC ACA TGC ACT AAC TGC TCC -141 
25- C T S C K K S C C S C C 
TGC ACC TCG TGC AAG AAG AGC TGC TGC TCA TGC TGC -177 
37- P A G C S K C A S G C V 
CCA GCT GGC TGC AGC AAG TGC GCC TCT GGC TGC GTG -213 
4 9 - C K G K T C D T S C C Q 
TGC AAA GGG AAG ACT TGC GAC ACT AGC TGC TGT CAG -249 
* 




Figure 3.1: Nucleotide and deduced amino acid sequence of silver sea bream {Sparus 
sarba) metallothionein cDNA clone, including the complete coding sequence for 60 
amino acids with additional 5' and 3’ untranslated region (UTR). The nucleotides are 
numbered on the right and amino acids are numbered on the left. An asterisk above 
three nucleotides indicates a stop codon. 
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Figure 3.2: Effect of in vivo exposure to cadmium on M T m R N A expression in gill of 
silver sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd concentration at 
50 i^ g Cd/L and Cd 200 refers to 200 |ig Cd/L, n = 7-12 (ii) intraperitoneal cadmium 
injection, Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 1.0 mg Cd/kg, n = 9-10; 
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Figure 3.3: Effect of in vivo exposure to cadmium on M T m R N A expression in liver 
of silver sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd concentration 
at 50 i^ g Cd/L and Cd 200 refers to 200 j^ g Cd/L, n = 8-10 (ii) intraperitoneal 
cadmium injection, Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 1.0 mg Cd/kg, 
n 二 9; Significant difference (p<0.05) between groups is illustrated in each figure by 
different letters. 
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Figure 3.4: Effect of in vitro exposure to cadmium on M T m R N A expression of 
hepatocyte cell culture, n = 7-11; Significant difference (p<0.05) between groups is 
illustrated by different letters. 
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Figure 3.5: Effect of in vivo exposure to cadmium on G6PDH m R N A expression in 
liver of silver sea bream, (i) waterbome-Cd exposure, Cd 50 refers to the Cd 
concentration at 50 jig Cd/L and Cd 200 refers to 200 |ag Cd/L, n = 11 (ii) 
intraperitoneal cadmium injection, Cd 0.1 refers to 0.1 mg Cd/kg and Cd 1.0 refers to 
1.0 mg Cd/kg, n = 9-10; Significant difference (p<0.05) between groups is illustrated 
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Figure 3.6: Effect of in vitro exposure to cadmium on G6PDH m R N A expression of 
hepatocyte cell culture, n = 7-11; Significant difference (p<0.05) between groups is 
illustrated by different letters. 
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3.4. Discussion 
3.4.1. MT cloning and characterization 
In this present study, the mt gene was firstly cloned and characterized in silver sea 
bream {Spams sarba). The silver sea bream M T open reading frame was 183 bp in 
length coding for a protein of 60 amino acids and a terminal stop codon (presented in 
Figure 3.1). The M T c D N A sequence of silver sea bream is highly conserved with 
another member of the same family of Sparidae, gilthead sea bream, by 97 % 
homology. It is also quite conserved with teleosts in other families, e.g. zebrafish 
(78-79 %), goldfish (79 %), gudgeon (77 % ) and Atlantic salmon (80 %). The amino 
acid sequence of silver sea bream M T is 100 % homologous with gilthead sea bream, 
90 % with Atlantic salmon, 81 % with zebrafish, 76 % with goldfish and gudgeon. 
The number and position of the amino acid cysteine in silver sea bream M T were 
highly conserved as in MTs of other teleosts so far studied, i.e. 20 cysteines and at the 
same position with the characteristic sequence as Cys-Cys or Cys-X-Cys or 
Cys-X-Y-Cys (where Cys is cysteine and X, Y refer to amino acids other than cysteine) 
(Chan et al, 2002). 
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3.4.2. Metallothioneins mRNA expression 
The effects of cadmium to the M T m R N A expression in silver sea bream were studied 
in two target organs, gill and liver. In the in vivo study, Cd increased the M T m R N A 
expression in both organs, irrespective of the route of cadmium administration 
(waterborne Cd and Cd injection exposures). The degree of induction was greater in 
the case of cadmium injection experiment than that of waterborne cadmium. Similarly, 
it is found that Cd significantly increased M T m R N A expression in hepatocytes 
culture. MTs are highly inducible by different metals (e.g. cadmium and mercury) 
(Smet et al., 2001; George et al., 1996), and m y results agreed with these findings. 
Much research has been conducted to investigate the effect of Cd on expression of 
MTs. Chowdhurg et al. (2005) have found that M T levels increased significantly in 
gill, liver and kidney of fish exposed to waterborne or dietary cadmium. Castano et al. 
(1998) have also found a significant increase of M T in liver and kidney of trout 
injected intraperitoneally with cadmium. These examples indicated that Cd is one of 
the potent metal inducers of M T and m y results have also confirmed this suggestion. 
It is observed that greater induction of M T m R N A in test organs occurs when the dose 
of Cd was increased indicating a dose-dependent response occurred in M T induction 
to the Cd exposure (Choi et al., 2007; Lange et al., 2002). With higher dose of Cd, the 
Cd burden to the fish body would be increased. Besides the exposure dose, increase in 
exposure time would also result in greater Cd burden (Smet et al., 2001; W u et al., 
2007). A dose-dependent response was also found in the current in vitro study of the 
effect of Cd on M T m R N A expression in hepatocytes. Moreover, when comparing the 
m R N A expression of the same organ using two different routes of Cd administration, 
we can see that the level of M T induction was greater when the fish were injected 
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intraperitoneally with cadmium rather than those exposed to waterbome Cd. The 
reason may be explained similarly. By injection, more Cd was directly introduced into 
the sea bream body and so increased the Cd burden, resulting in greater induction of 
MT. 
The routes of Cd exposure affect Cd distribution among various organs (Chowdhury 
et al., 2005). In waterbome Cd exposure, gill seems to be one of the organs that 
accumulated the highest Cd amount, and with the dietary Cd exposure, the gut 
becomes the organ with the highest Cd concentration. Liver has lower Cd 
concentration than that of gill in waterbome Cd exposure while in dietary Cd 
exposure, their Cd concentrations are similar (Chowdhury et al., 2005; Kraal et al” 
1995). In addition, it is found that the routes of Cd exposure also affect the level of 
M T induction among organs. Chowdhury et al. (2005) found that the level of M T 
induction was altered by the route of Cd exposure and it seems that the level of M T 
induction generally followed the Cd concentration in organs, i.e. greater M T induction 
occurs in the organs with higher Cd concentrations. Therefore, the routes of exposure 
affect the Cd distribution and then the corresponding M T induction is also altered. 
In my project, the degree of M T induction is much greater in gill than that of liver 
with both waterbome Cd exposure and Cd injection. The highest level of M T 
induction occurred in gill of fish injected with Cd at the higher dose of 1.0 mg Cd/kg. 
It was 55-fold increase when compared with the control group. In waterbome Cd 
exposure, higher M T induction in gill would agree with previous findings 
(Chowdhury et al,, 2005). Gill is one of the organs in first contact with Cd during 
waterbome Cd exposure and thus M T induction may act as the first line of defense 
against the entry of Cd〗. ions from the aqueous environment. M T in gill would then 
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bind with Cd^^ ions and so lesser amounts of toxic ions would enter the viscera of fish. 
So，the Cd burden of liver should be lower than gill and the M T induction in liver is 
smaller than that of gill. Moreover, it is reported that gill accumulates Cd faster than 
liver at the early stages of waterbome Cd exposure (Wu et al., 2007). In my study, the 
exposure period was relatively short, and so gill would accumulate more Cd than liver 
and have higher M T induction. 
For Cd injection at the lower dose (0.1 mg Cd/kg), the level of M T induction was 
similar between gill and liver. But at the higher dose (1.0 mg Cd/kg ), the level of M T 
in gill became much greater than that of liver. The reason may be accounted for by the 
difference in the capability of M T to bind Cd between liver and gill. Smet et al. (2001) 
found that there were inter-organ differences in the capability of MTs to bind Cd and 
liver was more capable to sequester Cd by M T than gill. Although M T induction in 
liver was less in the injection experiment, the liver still capable to sequester Cd. 
If we compare the M T induction in the same organ between waterbome Cd exposure 
and Cd injection, it is observed that the M T induction of liver in Cd injection was 
much greater than its induction in waterbome Cd exposure. In contrast, the M T 
induction of gill in fish injected with Cd was similar to its induction in gills of fish 
exposed to waterbome Cd. From these observations, we may suggest that the Cd 
burden in liver was much higher upon Cd injection than following waterbome Cd 
exposure. 
In summary, the induction of MTs in both gill and liver from either routes of Cd 
exposure is a defense mechanism to bind the toxic Cd^^ ions. MTs prevent cadmium 
to interact with other proteins in the cells and cause further cell damages. 
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3.4.3. Hepatic glucose-6-phosphate dehydrogenase mRNA expression 
Glucose-6-phosphate dehydrogenase (G6PDH) is the first and rate-limiting enzyme in 
the pentose phosphate pathway (PPP) for the generation of N A D P H (Slenzka et al., 
1995; Winzer et al., 2002). N A D P H is the major cytoplasmic reducing compound and 
it takes role in many biochemical activities (Winzer et al” 2001). One of its functions 
is to maintain the redox state of cell and protect against oxidative stress 
(Diez-Femandez et al., 1996). And recently, there is increasing number of studies 
directed towards investigating the importance of G6PDH in defense against oxidative 
stress (Salvemini et al., 1999; Ursini et al., 1997; Zirong and Shijun, 2007). 
In m y investigation, cadmium treatments (both in vivo and in vitro studies) resulted in 
a general up-regulation of G6PDH m R N A expression. For the in vivo study, liver is 
the target organ for investigation of G6PDH expression and for the in vitro study, 
corresponding hepatocytes were used for the cell culture model. Liver is important 
source of G6PDH and also one of the major organs accumulating cadmium, so it is 
appropriate to focus on this organ. M y findings are in agreement with some other 
related researches. Zirong and Shjun (2007) and Pierron et al. (2007) both found that 
waterbome Cd exposure increased the G6PDH activity in the livers of tilapia and eel 
respectively. An in vitro study using primary rat hepatocytes showed that Cd 
treatment increased the G6PDH m R N A expression and its activity (Xu et aL, 2003). 
The underlying mechanisms for the induction of G6PDH were studied and it was 
suggested to be due to the Cd-induced oxidative stress. It is well established that Cd 
exerts oxidative stress to cells via generation of ROS (Choi et al., 2007). Cadmium is 
a redoxinactive metal (Wolf and Baynes, 2007) and does not induce the ROS 
production directly via a Fenton-like reaction (Shi et al., 2005; Wang et al., 2004). 
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Instead, it is concluded that Cd induces the formation of ROS through glutathione 
depletion, alteration in the activity of antioxidant enzymes and inhibition of electron 
transfer in mitochondria (Shi et al., 2005; Wang et al., 2004; Hansen et al., 2006). 
Glutathione depletion was suggested to be the link between the Cd-induced oxidative 
stress and the alteration of G6PDH expression. 
Reduced glutathione (GSH) is non-protein sulfhydryl tripeptide (Xu et al., 2003) and 
it is vital in antioxidant function. It protects the cell against oxidative stress by many 
different ways in which it is oxidized into its oxidized form, GSSG. To replenish GSH 
level, N A D P H is required in the conversion of GSSG into GSH by glutathione 
reductase (Zirong and Shijun, 2007). And the source of N A P D H comes from the PPP 
which is mainly generated by G6PDH. Certain studies have already indicated that the 
depletion of GSH leads to the induction of G6PDH (Xu et al., 2003; Salvemini et al., 
1999). This is an adaptive measure for the cell to maintain its redox state under 
Cd-induced oxidative challenge. G6PDH activity and G6PDH m R N A expression are 
well correlated with each other and the up-regulation on the G6PDH expression 
mainly occurs at the transcription level during Cd challenge (Ursini et al., 1997; 
Pierron et al., 2007). 
GSH is also suggested to be important in heavy metal detoxification (Canesi et al., 
1999). It has been proposed as the first line of defense against oxidative stress and 
heavy metal cytotoxicity (Zirong and Shijun, 2007; Canesi et al., 1999). GSH may 
work in cooperation with M T in defending against metal cytoxicity, GSH performs 
the early-stage defense before the latter stage in which the induction of M T synthesis 
is maximum (Canesi et al., 1999). In my in vitro study, it is observed that the 
maximum G6PDH m R N A expression was at the dose lower than the dose in which 
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M T achieved its maximum m R N A level. This may imply that G6PDH may help in the 
maintenance of the redox state of cell at low level Cd challenge. 
Some studies have found that the activity of G6PDH decreased in response to Cd 
(Alvarez et al., 2004; Wolf and Baynes, 2007). The possible reason may due to 
differences in dosage, exposure duration and animal species. The G6PDH expression 
may fall in response to extremely high Cd levels and long duration because the cells 
fail to elicit a defense mechanism against the extremely harsh environment. In my 
study, it is found that the G6PDH m R N A level started to fall from the maximum 
during the highest Cd doses (in the injection experiment and in vitro experiment). 
This occurs because probably the protective mechanism cannot cope with the 
continuing increase in Cd-induced ROS. The severe oxidative stress eventually 
becomes highly cytotoxic and destroys the protective system themselves (Zirong and 
Shijun, 2007). This situation also occurred in the in vitro study on IGF-1 and M T 
m R N A expression in response to Cd exposure, their expression decreased during high 
Cd doses. 
Besides replenishing GSH, Pierron et al. (2007) suggested that the up-regulation of 




Both the in vivo and in vitro studies have showed that cadmium exposure elicited 
up-regulation of M T and G6PDH m R N A expression generally. Induction of M T 
expression is widely accepted as a protective mechanism against the heavy metal 
toxicity. In m y results, M T m R N A expression was up-regulated in gill and liver to 
bind with the Cd^^ ions and this would prevent those toxic ions to damage other 
components of the cells. M T m R N A expression can act as a biomarker for the 
exposure of Cd and other metals. The level of M T induction of gill seems to be more 
pronounced than that of liver, so the level of M T induction of gill may be a better 
indicator than that of liver if M T is to be used as biomarker for Cd exposure in silver 
sea bream. 
The up-regulation of G6PDH m R N A in liver and hepatocytes leads to the suggestion 
of its importance to deal with the Cd stress. The induction of G 6 P D H expression may 
act as a protective measure to deal with the Cd-induced oxidative stress. Besides 
cadmium, it is found that G6PDH is induced in the oxidative stresses mediated by 
other oxidants (Ursini et al” 1997; Salvemini et al., 1999). 
The mortality was very low throughout the experiments, e.g. less than 10 % in 
waterbome-Cd exposure and 0 % in the intraperitoneal Cd injection. So, it seems that 
the sea bream could tolerate the doses applied within the exposure period, the doses 
were still sublethal to the sea bream. 
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General conclusion 
The findings of this present study have demonstrated that cadmium exposure altered 
the physiology of silver sea bream (Sparus sarba). Cd treatments would lead to 
alterations in two areas, i.e. endocrine and metal-defense systems. It is expected that 
the survival of the fish would be harmed as the consequence. 
Regarding changes in the endocrine system, serum Cortisol, pituitary G H and hepatic 
IGF-I levels were changed significantly in Cd exposure while the serum THs levels 
were not affected by Cd exposure. Serum Cortisol level of sea bream increased 
significantly on exposure to both waterbome-Cd and Cd injection, representing a 
stress response of the fish under Cd challenge. Hepatic IGF-I m R N A expression was 
induced in the in vitro experiment; the exact reason for this is unknown but may be 
explained as possible protection against the Cd-induced oxidative stress. Reduction of 
pituitary G H level after Cd injection may be the result of pituitary damage by Cd. It is 
concluded that different hormones responded differently under the same Cd dosage 
and exposure duration. 
The results of M T m R N A expression showed a good agreement with the general 
findings of previous, related researches. M T expression was highly inducible in both 
organs investigated in almost all Cd treatment experiments under both in vivo and in 
vitro conditions. The induction of M T would serve as an important defense system 
against Cd stress in sea bream similar to what has been suggested in other animal 
models. For G6PDH, it is also found that its m R N A expression was up-regulated in 
response to Cd exposure in both in vivo and in vitro studies. Up-regulation of G6PDH 
expression would lead to a greater production of N A D P H for counteracting against 
99 
the Cd-induced oxidative stress, suggesting that G6PDH is involved in the antioxidant 
defense system against cadmium-induced ROS generation. 
With alterations in the endocrine system by Cd, it is not surprising that various 
physiological aspects of sea bream will be affected. For example, the increase of 
Cortisol level would lead to suppression of immune system and disease resistance of 
fish (Wendelaar Bonga, 1997). As growth hormone is important in many 
physiological functions, its reduction may harm growth and development of the fish. 
Furthermore, triggering Cd defense system through M T induction requires energy 
consumption, and less energy would be available to other body functions such as 
growth and reproduction. The overall conclusion is that Cd exposure exerts negative 
effects on silver sea bream. 
Based on the results of my present study, cadmium was observed to alter hormone 
profiles and trigger the metal defense mechanisms of sea bream. As stated before, 
there is a relative scarcity in the researches about the endocrine disruptive effects of 
cadmium in fish. Therefore, more investigations on other hormones and the 
underlying mechanisms would be needed for further elucidation. 
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